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I. tmoEOsacm nto soMMDr 
A. fiagKflround 

The iron/ chromium redox energy storage system has the capability of 
providing inexpensive, reliable bulk energy storage suitable for the 
efficiett capture of energy from intermitteit sources such as solar or tdnd 
energy, and it has, with recent developments in higher temperature operation 
at NASA-Lewis Research Center (1) , the potential for meeting the require- 
ments of electric utility applications such as load leveling and peeU( 
shaving* A1 1 of the reactant species in the system are soluble in hydro- 
chloric acid at practical ooncentrations, a feature v^ich permits scaling of 
the energy section of the systan independently of the power section (2). 
The negative electrode cockle is Cr^t/Cr^'^ and the positive electrode coiqE>le 
is Pe^VPe^'*’; both couples are in the form of chlorides dissolved in hydro- 
dilorlc acid. The electrochemical cxmversion reactions take place on inert 
carbon felts. The soluticxis may be separated by an ion-selec±ive menbrane, 
which permits charge transfer with little cross-mixing of the reactive 
species (3). 

During discharge of this system, Cr2+ is oxidized to Cr^+ at the nega- 
tive electrode, and Pe^+ is reduced to Pe^+ at the positive electrode. In 
one configuration, using a two-tank system, the solutions are pumped 
ocxitinuously throi;^h the reactor generating energy and gradually reducing 
the state-of-charge of the bulk solutions. During charging of the system, 
energy is delivered from an external source and stored by reversing the 
electrode tactions and gradually raising the state^f-charge of the bulk 
solutions. 

This system has beei under '^velc^rnidit since 1974 with the direction 


1 


and active participation of the Lewis Research Center of the National Aero- 
nautics and Space Administration (NASA-sLeRO-with Funding from both NASA and 
the Department of Energy (1-11). Semi-petmeable membranes have been-, 
developed by I^icsr Ihc. that are sufficiently conductive and selective to 
meet the requirements for solar and wind energy applications (12). Th6 
system has been scaled up to a IkWr 11 kNh size witlraut difficulty and many 
system features such as flow, shunt curreitSr eleotrochemical balance^ mixed 
reactants r terperature effects and catalyst syst^ns have been studied. 

Giner^ Inc.. has been involved in the developmait of this system since 
1975, with emphasis on the negative electrode (13-16). Early in the project 
it was observed that the bare carbon felt was adequate to support the 
Fe^VPe^'^' reactions but the Cr^Vcr^'*' reactions required catalyzati<xi to 
proceed at reasonable polarization and efficiency. (Sold at a very low 
loading (12-15 micrograms/cm^) was found to be a suitable catalyst' for the 
negative electrode but with the disadvantage that it simultaneaisly lowered 
the overvoltage for hydrogen evolution accelerating this parasitic co- 
reaction to unacceptable levels. 

This prc^lem was surmounted by adding lead chloride to the electrolyte 
and electrod^positing lead, in situ, over the gold-activated carbon felt 
(14-20). The lead has a high overvoltage for hydrogai evolution and is also 
an excellent catalyst for the Cr^Vcr^**" reactions. With this catalyst 
system the negative electrode can be cycled at moderate rates with low 
polarization and little interference from hydrogen- evolution. 

During extensive testing of the negative electrode, both at NASA-I«RC 
and at Giner, Inc., it was observed that the performance of the negative 
electrode could be somewhat variable both in terms of reactivity for the 
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r cr redox reaction as well as the level of hydrogen evolution on 
c trge. m the previous progr«, QO, u va, deterxdned that a coap««,t of 
this variability could be attributed to the carbon felt substrate, 
spec fically the heat treatment temperature (12S0-2300<>c, following 
molysl. of the rayon felt at TSOOc,. The effects, of this factor were 
found to be mitigated by an add or aUallne treatment preceding the gold 
« yvatlon process. Beyo™, this It was c*»erv,d that Increasing the gold 
loadl^ was not beneficial and that the lead loading, measured by anodic 
PP g during cyclic voltaranetry, showed a consistent correlation with 
reamvlty. At this point the Investigation turned to physical surface 
-lysis methods In an attempt to clarify the oi»er.vatlons gathered by 
e ectrochemlcal testing, and to atts.,* to cptlmlxe the catalyxatlon pr^ 

CGSS« 

jslng tran^usslcn electron mlcrcec^ acannlng transmlsdcn 

e ectron mlcroscoty (^, uncatalyxed carbon felt fibers were found to be 
fluted resembling a bundle of smaller fibers but otherwise smooth and 
genera ly free of particles. Gold-catalyzed felts exhibited opaque 
particles In the range of I0-S00„m scattered over the surface. g„ergy 
dls^rslve analysis by X-ray (EDAX, showed these particles to be gold. 

m es of .the ^old surface area also showed direct correlation with 
reactivity and the observed lead loadings. 

«»ee two lines Of InvestlgaUen, the effects of the carbon felt silo- 
rate «d optimization of the goldflead catalyst systma, «er. continued In 

au»alrlz!I*beT Investigation as 

suflinarized below. 
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6. Program Summarv 

The research ana development work presented In this report was directed 
to.two broad tasks as outlined below. The first task. Electrode 
Development, represents an extension of the previous work, and the second 
task was addressed to performance factors of significance to advanced 
developtnfiit of the iron/diroroiuro redox system. 


I. ojecsBCDE neuajxnem 


A. 

B. 

c. 

D. 


Qiaracterization of Carbon Pelt Substrates 
Catalyzation Procedure Optimization 
Performance in System Hardware 
, Specifications fot Substrate and Catalyzation 


lASR. lie... mjscmxm vasomNscE vRRiMtES 


A. Tenperature Dep«idaw:« 

B. Crossover Effects 

C. Acidity Level 

The characterization of carbon felts was initiated with a broad range 
sampling of temperatures for the heat treatment# from 1250<> to 2300OC. 
These were carefully controlled preparations purchased from Fiber Materials# 
Inc.# in contrast to the random sampling of commercially available materials 
examined in the previous program. The samples included a set that was 
-scoured" (solvent washed to remove siaing before pyrolysis). 

The initial test results, in concert with the results of the previous 
progtam# suggested a processing temperature of 1650®C fot optimum 
electrochemical performance. On this basis# a second set of carbon felts 
was ordered in a narrower band around 165QOC. Before these samples were 
received# it was discovered that there were several discrepancies in the 
gold catalyzation procedure as practiced at Giner# Inc. compared to that 
used at MASA-LeRC (8). A preliminary investigation of catalyzation 
procedures indicated considerable performance variations associated with 
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processing paratieters. As a consequence, the carbM felt characterizaticm 
study, which was originally anticipated to yield a single sanple for use in 
further studies, was extended to partially overlap the catalyzation optimi- 
zation study- (TASKI-©, in order to generate a broader base of information. 
The general conclusions and recommendations derived from this- study 
regarding carbon felt processing factors are that the starting material 
should be unscoured and the optimum heat treatment temperature is in the 
range of 1650® to 1750^ A broader ten?»rature selection, 1500® to 1800®C, 
would prctably be acc^Jtable if used in similar narrow bands, e^.. 1500® to 
1600®C or 1700® to 1800®C, etc. 

A variety of gold catalyzation parameters were studied over the course 
of the program as outlined below: 


sBEcmmmsM: 

KCMI 1 N 80®C 
45% 90®C 




0.5 hours 
2.0 hours 


Sim 

Dried: After rinsi:^ to 7 
Dan?): After rinsing to 7 

Damp: After pa 5 pre-^^oak 

After pH 7 pre-soak 
After pH 9 pre-soak 


CflTALYZOTTnM POOCFSa 

Solvent/Wetting Agent 
Wiater/Methanol 
WSter/Acetone 
Soluti<xi 


Temperature: 0®, 25®, 50^ 

Volume: Saturation, small excess, large excess 
utposute 

5 minutes to 16 hours 
open or closed axitainer 




Heating Time and Iteiiperature 

Drying at lOO^c for 1-2 hours 

Drying and baking at 25a-270®C for 2 hours 
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Both electrochemical rneasuremaits and surface analysis tedmiques were 
used to evaluate catalyzation parameters. 'Hie reconin«idted process centers 
on the published RASA procedure (8) with the imposition of some additional 
controls (see Section v-P)» 

Initially^ three variations of a basic methanolic/gold deposition 
process were used to catalyze- carbon felt samples (Section V-A)/ other 
factors, such as processing temperatures, were examined later. T?he cataly- 
zation methods were 1) the Double Immersion method, a set of procedures 
developed in the previous .program for rigorous control of the total gold 
loading, 2) the NASA-1 method, a standard method used at NASA-LeRC, and 3) 
the NASA-II method, a modification of the standard method in iddch the gold- 
chloride concentration was reduced by half and the volume doubled. 

The standard NASA catalyzation process (NASArl), and mote particularly 
the modified process (NASA-II), presented an opportunity to observe the 
solutions "in process" by way of the excess solution volume, in contrast to 
the Double Inroersion method in which the solution was designed to be totally 
absorbed by the carbon felt sample. For NASA-II electrodes, it was 
inroediately noticed that the excess gold chloride solution had a faint blue 
color. For NASA-I electrodes, the excess gold chloride solution looked 
clear and colorless at first. After two hours, however, it changed to 
purple. The next day the solution was still purple and had become 
noticeably cloudy. These colors are r^rted to be due to susp^ided gblc 
particles, the formation of which is initiated by contact of gold chloride 
solution with the felt Based on the blue color, observed in the NASA- 
II preparation, the particles were anticipated to be very small, on th< 
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order of 1.0 nm diameter (nucleates). Hie actual gold crystallites on the 
carbon fiberr observed by transmission electron microscopy^ were larger than 
1 nnw ranging from 10 to 25 nm. The purple color seen foc-NASA-l electrodes 
was reported to indicate larger particles, on the order of 100 nm diameter. 
The actual gold crystallites d^sited on the cartxsn fibers were dsserved to 
be on average smaller than 100 nm (20-60 nm), but larger than- the gold 
particles d^xMited by the NASA-ll method. The gold crystallites deposited 
by the Double Iinnersion method were within the same range as the particles 
deposited by the NASA-I method (25-35 nm). These observations also 
suggested that metallic gold is formed when the methanolic gold solution 
contacts the carbon felt. Previously it had been assumed that gold chloride 
was d^obited, requiring thermal deoon|)osition to gold. Similar results, in 
terms of particle 8ize^-Mere -obtained ■ in a stu^ pf controlled procedural 
variations (Section V-B), but the correlation with electrochemical 
perfometnoe was less devious. 

^he smaller and more uniform gold particles d^osited by the NASA-II 
method resulted in higher electrochemical activity, including a higher level 
of hydrogen evolution, a combination that would lead to low charging 
Biese Eiame electrodes eidiibited high lead deposits %d)ich may be 
a»i8istait with higher gold surface areas. The values for lead d^sition 
consistently exceeded the theoretical quanitity of lead available, however, 
which may have resulted in some unplated gold leading to higher hydrogen 
evolution rates. Such a condition would not be expected in a flow cell 
which may suggest that the NftSA-ll modification is worth further study under 
flow oonditiixis. 
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The NhSA-I catalyzation ptooedure, yielding larger, leaa uniform 
partlcles, resulted in lower electrod«»ioal activity but higher charging 
efficiency values. The Double Immersion method, yielding gold particle 
sizes within the same range as the NASA-I method, resulted in electro- 
chemical performance which was quite different (low activity, low charging 
efficiency, suggesting the influence of f«:tors in addition to gold particle 

size, or non-representative microscopy samplings. 

In the course of catalyzing electrodes over a period of many months, 
other process variables that could affect the gold deposit were noted. Seme 
of these are related to the precatalyzation state of the carbon felt such as 
its moisture content, damp or dry, and its residual p8. (Ither factors at 
the wetting agent used (methanol or acetone., and the temperature of the 
catalyzing process. The v»rt done to determine the effects of these factors 

is discussed in Section V-C. 

With regard to the Selection of a wetting agent and a damp versus dry 
precatalyzation state for the carton felt, the small sanple of test data was 
not sufficient to clearly differentiate the factors tested. Both wetting 
sgents have been used successfully at WSSA-ieBC. It was also concluded that 
the dmq>/dry condition of the felt per se, prior to catalyzation, was not a 
Significant factor. A related factor, the residual pB of the felt after 
pretreatment in K«H, was considered to have more potential influence on the 
subsequent catalyzation, pH values of 5, 7 «,d 9 were studied. The moan 
particle size was fairly consistent in all cases, but the range of sizes for 
the pH 9 samples was much larger. Again, the data do not permit any clea, 
selection of conditions but suggest rather that 1. a pH range of 5 to 9 i, 
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« »xaptabl. ptec«tely*.tlon oopdltlOn for the cetboi, fit, «a 2) etill 
other feetore influence the catalytation or teitlng procees. 

Three ceMly»tlon tenperaturee here stnUedr 0, 25 and SOOC. It uaa- 
found that there wee a prosreeelve increase in ,oid particle eiee with 
increasing caUlysation teapetature, as anticipated. Bp range cf perticle 
sisss also incr«»1 with increasing fapprature. The electrochWcal per- 
for»nce data -as quit* scattered but the values fer relative charging 
f ficlenq- laproved semadpt with increasing catalyzation teaperature. This 
aata suggests that, although caUlyzatlon taperature affects gold pawaole 

Size in an etpected «»er, here again there are other fetors inf lu««l»g 
olectrochanical perfo rm ance, 

tn the above studies directed to defining the critical factors in the 
gold catalyzation process, .the electrochemical performance observed, as 
hoted, wss frequently erratic suggesting that some influential factors were 
not being controlled. «p such factor f the carbon felt sAstrate. vhloh 
can ezhlblt variations in physical and chemical properties and has been 
found to influence performmKe, as discussed earlier, tte KOB pretreatment 
process is dlr«*ed to neutralizing some of the oh-loal properties of the 
felt, but it is obviously not ooapletely effective and does not address 
vTlations in physical properties such as density, thickness and surface 
•tea. Thus the carbon felt remains as a potentially influential factor that 
is probably not completely controllable. Another factor is the cyclic 
voltapptry testing procedures used. A study of reproducibility (Section 
V-D) was directed to the latter, assuming that the carbon fit substrate 
over a. small area would be sufficiently uniform in properties. A concerted 


effort was then made to control all other factors in the catalyzation and 
testinq processes. For this purpose r_±hree felt samples (from a small 
section of one lot of felt) were catalyzed in three separate operations 
using the same catalyzation method (NASA-I). Each sample was then cut into 
three strips to provide a total of nine sanples for electrochemical testing. 
Examination of the resulting set of test data in the context of a selection 
of previous test data showed that the data points nearly span the full range 
of the previous data and thus could mask any differences between catalyza- 
tion by the Double Inmersion method through the NASA-II method. Ihere was a 
definite grouping of points around values characteristic of NASA-I 
preparatitMis but it is apparent thi.t a large number of data points might be 
needed to cbtain a statistically significant value. 

At the completion of the catalyst procedure optimization stud*/ it was 
concluded that 1) there are factors influencing the gold catalyzation 
process that were not determined or sufficiently controlled for closely 
predictable results in terras of gold particle size or performance^ 2) the 
cyclic voltammetry testing methods are only suitable for qualitative 
analysis and broad distinctions in performance; the results may be best 
interpreted on a statistical basis over many samples for the present state 
of refinement in cyclic voltammetry# catalyzation# electrode preparation and 
handling. 

In an exteisicwi of the catalyst optimization task# an atton^ot was made 
to define the physical character of the lead deposit i.e.# particles versus 
a continuous layer# and on-the-gold Versus on-the-carbon fibers or evenly 
distributed on all surfaces (Section V-E). Transmission and scanning 
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mate 1 i techniques were used for 

material analysis. Lead in particulate ferm 

vu , . particulate form was not observed in any caset 

2 ^2 ^ ^ ^ 
in lay«. The dlspoeltlon of fhe lead m specific relatl«, to the ,old 
could not be clearly established. 

effects Of reacunt crossover -ere «««i«a briefly usin, cyclic 
m these studies it «s excluded that there uere „o si^fi- 

Cr i„ the iron solution. ,m studies at HASA-behC, Pe3^ 1 „ the 

--“" solution, a situati. ehi<d. can U avoided, «ss f^ to be 1 ! 
mental, however (10) J. cecri 

"7 Of the effects Of te^„ture and acidity level 

-e also ^rfor^sd. «„ ^its «re generally as anticipated e„. ,r«ter 
teversibiat, vith higher ter^rature and acidity level ,„:fr; 
^ta ure, especially vith regard to the shift in the chroaiu. <^1; 

I ^ rjrrr -- 

nPoclflcally by «ork done at WSMehc tt,10,ll) 

nnally, cptiaased negative electrodes sere tested in syste. harTVare 

. 1/3 s^re foot floe cell. With ,e«rally,^,«„i^ 
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II. EI£ClMXfi9aCM. TEOTIHS PIDCBXmES 

All of the electrochemical testing-performed on this program was done 
by cyclic voltannetry in a three electrode cell. The details of the elec- 
trode mountingr cell configurationr, solutions^ standard sweep sequences and 
data reduction^ are described below. Individual variations^ such as the use 
of FeCl3 and higher concentrations and temperatures, are described 
separately. 

A. Electrode Mounting Procedures 

The "waxed-clip" electrode holder was used to mount all test 
samples studied in this program. This type of electrode holder was dev- 
elc^>ed at NASA-LeRC to reduce ccmtact. resistance-problems and the undesir- 
able compression of the carbon felt associated with the tantalum wire 
electrode holder used earlier (15). The holder, shown in Figure 1, 
consists of a binder clip with added copper contact surfaces and a heavy 
threaded brass connector rod. A 1.5 cm wide strip of felt was clamped 
between the copper contacts and 1.3 cm of its length isolated by means of 
pressure fr^ the stqp-off clanp. The entire binder clip assonbly was then 
submerged momentarily in hot (130^ Ceresin wax, allowing the melted wax to 
wick up the felt as far as the end of the stop-off clamp, as depicted in 
Figure 1. To provide ah eternal electrical contact, a loigth o£ the con- 
nector rod was masked with Teflon tape prior to dipping. Ihe stop-off clanp 
and masking were renoved once the wax had hardened, thus, only the unwaxed 
1.5 x 1.3 cm (2cm^/jlde) felt section was exposed to the solution for 
testing. 
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Tfeat Cell 

tte test cell, illustteted It. figure 2, consisted of e 75 ml gless 
vessel threaded to accept a plastic screw cap provided with five 
toper ports (B® Model 494). center port ccntelhed a specially designed 
Teflon plug with threaded contacts to which the waaed-cllp electrode was 
attached. Counter electrodes, consisting of graphite tods (Oltra-Carbon 
■P”) contained In fritted glass tubes, were placed on either side of the 
working electrode. A saturated calomel reference electrode (SCE) and 
nitrogen gas bubbler occupied the remaining ports, the gas bubbler was 
eguliped with a two-way stopcock so that nitrogen could be bubbled through 
the solution or over the surf«». a s« 11 l«lcn^«^ 

bar was generally provided for In situ miking of reactants. During .testing,- 

the stirring was stopped and nitrogen bubbling was switched to a surface 
flow. 

c. COrreCtiffnB for Iteslafranry* 

Electrical contact problems, particularly with regard to varia- 
bility, can be reduced substantially through the use of the waked-cllp 
holder. Bowever, the actual potentials, especially at the switddng points, 

remain s«e.4u.t undefined. Conseguently, electronic coeg.ensatlon for IR 
loss was used for all teste In tMs program 

»be device used measures the current flowing to or from the working 
electrode and feeds back a proportional voltage In series with the Input 
signal to the potentlostat. -me triangular linear potential «aep signal, 
rather tha, the worklng-to-reference voltage. Is used as the Input for the 
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potential axis of the voltammogranu The iR compensation point is determined 
by monitoring the working-to-reference potential on an oscilloscope while 
increasing the level of compensation; the onset of oscillation r^resaits 
the beginning of over-compensation. It appeared that being within 1/4 to 
1/2 of a turn (on a ten turn potentiometer) of the oscillation point was 
adequate compensation in most casesr i.e.# the effect of closer correction 
was negligibly small. . 

D. Testing Procedures 

All measurements were made versus a saturated calon***'! electrode 
(SCE). The felt test electrode was always saturated with solution by 
evacuating the cell after immersion of the electrode^ and the solution was 
deaerated with nitrogen before each run. Pairs of counter electrodes in 
fritted glass tubes were designated for each solution compositicai to reduce 
cross-OMitamination between tests. For routine negative electrode testing* 
the three compositions examined in sequ«ice were 1) HCl* 2) HCl, PbCl 2 r and 
3) HCl, PbCl2* CrCl3. 

A Wenking potaitiostat was used to control the electrode pot«itial in 
response to a cyclic linear potential sweep signal provided by a Hewlett- 
Packard function generator (Model 3310B)* The cell working-to-refer«ice 
potential was used to drive the Y-axis and the resulting currait (as voltage 
drop across a 1.0 ohm precision resistor) was recorded on the X-axis of a 
Linseis X-Y recorder (Model 1700). When electronic iR compensation was 
used* the triangular sweep signal rather than cell working-to-reference 
potential was used to drive the potential axis* as discussed in Section C 
above. 
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Ort the previous program (16) ^ the negative potential region was 
explored using a gold-activated carbon felt in 1*0 M hydrochloric acid* The 
negative electrode test region was initially set at 0.0 to -1.0 v /s. SCB. 
It was observed that no- reactions other than reduction (hydrogcMi 
evolution) occurred over a wide potential region in hydrochloric acid. It 
was also demonstrated ti»t the sweep rate could be changed from 10 mV/s to 
100 mV/s without effect on the observed current. Since this was the case, a 
sweep rate of 100 mV/sec was selected for this particular test, reduction 
<Mi gold-activated felt in HCl, to avoid excessive hydrogen evolution. For 
most other tests the sweep rate was kept at 10 mV/s. An exception was the 
high concentration solution testing where the sweep rate had to be reduced 
considerably to stay within instrumental limits. 

When iR co.'pensation was introduced, it was found that in many cases 
the current became almost asymptotic at -1000 mv which sometimes induced 
irreversible oscillation in the potentiostat. For this reascxi, the negative 
electrode test region was shifted 50 mV more positive, i.e. +50 mv to -950 
mV vs. SC6. The potential was always exiled at s^roximateiy 0.0 V. 

A routine negative electrode test procedure then eonsisted of recording 
<^lic voltammograms in the following sequence (as a codposite figure t 

1) E*** Efiduct i on ill IaE H HCl. The hydrogen evolution 
characteristics of the gold-activeited felt were initially exam ined in 1.0 W 
HCl only. The hydrogen evolution rate on gold was generally five to ten 
times greater than other reaction levels. GonseqiMaitly, the H*" redhiction 
curve on gold/carbon felt (Au/O is frequently shown with a current scale 
multiplier in the oonttosite voltammograms. 
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2) yh^*/ph aid B^^ 2 =aa=Eli Reactiopa. At the eonpletlon of 
the first test, the counter electrode set »as exchanged and lead chloride 
was In'-r^A'n rf. The lead <*lorlde ooncentratKm was lO*’ M <whieh is close 
to the saturation level In hydrochloric add).. In order to achieve this 
concentration It was necessary to add lead chloride crystals to the 50 d 
cell volume of hydrochloric acid to avoid a volume Change, this procedure 
was found to be somewhat undesirable In the previous program both because of 
the small quantity of material Involved and the difficulty In achieving 
complete dissolution. Consequently, Instead of adding lead Chloride to the 
solution, a large volume of 1.0 N HCl was pranixed with lO'^ h HjCIj and a 
50 ml quantity of this solution was substituted for the BCl-only solution 
used in the previous test, tte solution was stirred and deaerated again for 

20 ihinutes. 

cyclic voltanmograms were then recorded over the same potential rmge, 
at 10 mV/s starting at Od) V, to measure lead plating (Pb** reductloni -550 
mV vs. SCE9, the subsequent hydrogen evolution on the lead-on-gold (-800 to 
-950 mV vs. SCE9) and lead delating (Pb oxidation) -500 mV vs. SCB on the 
return sweep. A voltaamogram was typically recorded after the third or 
fourth cycle. Later In the program this was extended to 10 or mote cycles. 

3) iteaftfeton. Aft6r coirpletion of the testing with 

lead chloride, the counter electrode set was again exchanged and chromic 
chloride (CrCl3.6«2°> 8«Aer Reagent Gd.) was added to the solution for 
measurement of the Cr^Vct^* redox reaction. Pot routine testing only, a 50 
mM concentration of chromic chloride was used. The solution was stirred 
with the magnetic stirrer and by bubbling nitrogen for 20 to 30 minutes 
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after the salt addition. Dissolutioi of these <juan^itiss of chidnic chlo- 
tide ocdurred almost immediately; .extensive stirring was used to ensure 
uniform cMcoitration of reactants within the felt electrode structure and 
ec^ilibrium with the txilk solution. 

Cyclic voltammograms were again recorded over, the +50 to -950 mV 
potential range at 10 mV/s starting at 0.0 V vs. SCB. ihe dmirging reaction 
reduction) begins coincident with lead plating at about -525 mV vs. 
SCB and shows a peak at about -650 mV. Host electrodes diowed a minimum in 
the cathodic current following the Cr^*** reduction peedc and preceding the 
onset of hydrogen evolution. On the return sweeps the discharge reaction 
(Cr^'*’ oxidation) begins at about -650 mV vs. SCB and shows a major peak at 
about -550 mV; the trailing side of. this oxidation peak gaierally exhibited 

a shoulder and smaller peaks tredling off towards 0.0 .V. 

B. Data teduction Methods 

in order to search for performance effects related to parameters 
such as catalysation and t]^ of felt substrater it was necessary to extract 
and condense the informatics collec±ed by c:yclic voltammetry. Ihis was done 
by tabulating selected anodic and cathodic current features and curve 
integraticss to yield Charge or coulonbic capacity(current X timed. Thsse 
methods of selecting data points are described in detail below. 

1. Current Data. The anodic and cathodic current data points 
that were typically selected from the voltammograms and tabulated for 
qualitative comparisons are illustrated in the repres&itative Voltammograms 
shown in figures 3 and 4. The curves shown in Figure 3 are a com^site of 
two separate voltammograms recorded on the same grid. The first curve 
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exhibits the electrochemical features displayed by a gold-activated carbon 
felt in hydrochloric acid before the addition of lead chloride. The only 
reaction observed is hydrogen evolution. The data point selected to r^jLen. 
sent the level of this reaction is the current measured at the potential 
sweep switching point# —950 ihV vs. SCB. This is referenced as data point 
"I" in the figure# and has been symbolized as on Au/C"# the R”*" reduc- 
tion current on gold-on-carbon felt at -950 mV. This data point was found 
to be highly saisitive to the accuracy of iR co«pensati<m used and was thus 
somewhat less reproducible than other data points. The second curve in 
Figure 3 dibits the electrochemical features displayed by a carbon felt 
electrode (similar features with or without gold) in hydrochloric acid after 
the addition of lead chloride. The cathodic reactions observed thoi were 
lead plating followed-by.Jhydrpgen evolution and# on the return (anodic) 
sweep# lead deplating. The data point selected to represent the level of 
hydrogen evolution after the addition of lead chloride is referenced as 
point "2" in the figure# and has been symbolized as on Rb/Au"# the 

reduction curroit at -950 mV vs. 9CE. Hie level of the lead plating reac- 
ti<Mi is refer^ced as data point “S" in the figure# and has been synbolizec 

as "I Pb^'*’"# the Pb reduction current. The subsequent deplating react ioi 

o 

level is referenced as data point ’‘6" and has been symbolized as "l^Pb"# th' 
Pb oxidation current. 

The curve shown in Figure 4 illustrates the electrochemical feature 
displayed by a carbon felt electrode (with gold in this illustration) afte 
the addition of both lead chloride <1 mM) and chromic chloride (50 roM) t 
the hydrochloric acid (IN). The level of hydrogen evolution (H'*' reducti< 
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8uperin|x>8ed on reduction) at -950 mV is referenced as data point ”3**. 
A .data. point collected to represent the cathodic minimum between the Cr^'*‘ 
reduction peak and hydrogen evolution is identified as point "4” and has 
be«i syntfolized as ”1^ minA 

nie data point selected to represdit the level of the negative elec- 
trode charging reaction is referenced as current peak *7* and has been 
syitbolised as the Cr^'*’ reduction current* The data point selected 

to represent the level of the negative electrode discharge reaction is 
referenced as point "8" in the figure and has been symbolised as 
the Cr^'*' oxidati<m current. 

1%e data point nunbers described above have been k^ed to the columns 
of data shown in the l^)p@idix Tables. The columns of datar represoiting 
different felt Substrates...emd.gold loadings or proceduresr were then 
examined for trends. 

2. Charg e Data. The anodic and cathodic current data points 
described above are subject to some experimental error related to the 
accuracy of the ift compensaticm used and the degree to whl(^ the resistive 
elements are reproducible and amenable to compensation# e.g.# ohmic 
potential drops (resistivity of the dif£usi(xi layer) versus liquid diffusion 
potential and surface film resistance. conpariscm# t)» area dtefined by a 
curve iaxtt&A X timed is less anbiguous. In addition# measuranent of the 
diarge permitted quantitative aeration of Various features of interest. 
For exan^le# the amount of lead plated on the cathodic side can be 
determined (before the addition of chromic dllorid^ by measuring the area 
under the anodic part of the curve for lead okidation# designated O^Fb. 
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This value is relatively unanbiguois compared to the catlrodic charge^ vihich 
is the sum of the.Lead.plating charge^ Qgi?b^'*’r (both from within the felt 
and from bulk diffusion to the surfaces) and the IT’’ reduction charge, Cyf**- 
The lead oxidation diarge, was assumed to be the san» before and after 
the addition of chromic chloride* This assumption was made based on the 
£$)pearance of the coirposite reacticms for Pb^VPb and Cr^Vcr^'*' at the 10 nM 
Cr^’*’ concentration, investigated in the last program (16). Thus the lead 
oxidation charge, C^Fb, (measured before the addition of chromic chloride) 
was subtracted from the total anodic charge measured for the coirbined reac- 
tions ((^Pb + QgCr^'’^ after the addition of chromic chloride, to yield the 
Cr^'*’ oxidation charge, Q^Cr^. Since the catalytic surface changes through 
the anodic portion of the curve (i.e* lead deplates), the total chromium 
charge in some instances was separated into two segments, the major peak 
region before the end of lead deplating, referred to as ”Q^Cx^* Peak", and 
the trailing region referred to as "(^Cr^'*’ Trailing". The trailing side of 
the lead oxidation peak was used as the dividing line. In addition, in 
order to provide a more complete analysis of the data in some instances, 
four cathodic area integrati<»is of the same cyclic voltammograms were deter- 
mined. These are described below: 

(1) - The cathodic charge in 1.0 mM Pb^**", IN HCl electrolyte. 

(2) Q-H*'" - The cathodic charge due bo hydrogen evolution in 1.0 mM 

Pb^”*', IN HCl electrolyte. was obtained by subtracting Q^Pb from 

QgPb2+, H"*-. 

(3) Q^Cr^"*” - The total cathodic charge due to Cr^‘*‘ reduction in 1.0 mM 
Pb^”*', 50 mM Cr^'’’, IN HCl electrolyte. 
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(4) Qg^Cr^'*' - The cathodic charge due to Cr^'*' reduction in excess of 
the anodic charge due to Ct2loxidatlon-XQgCt2+); i.e^ 

QcdCr3+ . Q^Cr^*^ - 

This value probably represents an approximation of the reactant/product 
diffusion to and from the surface of the felt sample i.e. Cr^+ reduced at 
the surface may diffuse into the buU of the solution and thus be 
unavailable for oxidation on the return swe^. Theoretical values for Cr^'*’ 
within the felt were also calculated (Qj.Cr^'^. 

The various charge segments discussed here are illustrated in Figure 5. 
Curve segments were integrated by the paper, weight-ratio method. 
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1. Maxed-cUp Electrode Holder; Waxing Procedure 
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Figure 2. Cell Configuration with Waxed-Clip Holder 


Au on Carbon felt In IN HCl 
with and without PbCi2* 



-1000 -500 0 
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2 + 

Figure 3. Representative Vol tammogran) Showing Pb /Pb Data Points 
Summarized In Tables. 
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Potential vs. SCE 


5 . Definition of Anodic and Cathodic Charge Segments 
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Cathodic Anodic 


iii« doiD aonunjisiicii i ie mi i tf 

A. DQUblfi Inmeralnn Progesa 

In the previous program (16) , carbon felts with widely varying 
physical properties an^’ from several vendors were being investigated, since 
control of the absolute quantity of gold deposited was a primary concern, a 
process was developed that tailored the gold solution volume approximately 
to the absorption capacity of the felt sample while holding the gold loading 
per square centimeter constant. This was referred to as the "Double 
Inwersion" process (to distinguish it from earlier "dropwise" methods). 

For this program, test samples 7 x 7 cm were cut from each 
tenperature-run of felt. Each sample was cleaned according to procedures 
developed in the last program. TSie cleaning procedure consisted of vacuum 
filling the felt with. lN KOH, heating.to 75 - BS9c for 30 minutes, rinsing 
to approximately neutral p« and drying at 100 - 110<>C for 1 hour. (Some 
surface effects Observed for this process are discussed in Section V-E-4J 
Gold was d^) 08 ited on the felt from an aqueous/methanol solution. 

The use of alcohol as a co-solvent/wettlng agent was first investi- 
gated on an earlier program (15). Initially, 50/50 isopropanol/water solu- 
tions were used. The current process, based on methanol, was developed in 
further experiments at NASA-LeHC (6-8,20), and has yielded excellent results 
in 1 kW, ll kWh prototype syst«n tests (6-8). 

In an early attempt to prepare a relatively large selection of elec- 
trodes by the alcohol-assisted gold process, a large volume of app opriate 
solution was pre-mixed. Because of the processing time involved, a portion 
of the solution experienced several hours of standing in the container. 
Over this period of time «8 hours), the initial yellow color of the gold 
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chloride solution was ob8e*'ved.to fade significantly and small black fibrous 
strands and needles were observed throughout the solutionr indicating 
precipitation of metallic gold. Since the premixed solution had not 
previously been stored for any length of timer the short-term instability of. 
gold chloride in alcohol solution had not been observed* Tliis potential 
problem of gold precipitation in the presence of alcohol was obviated by 
preparing and storing only the aqueous portion of tte solution; thS required 
quantity of methanol was the', added to the exact volume of aqueous solution 
required iirmediately prior to use. The tocal volume of solution required 
for each type of felt was selected on the basis of the mean water absorption 
values measured; the gold conc^itraticm was adjusted in each case to give 
the desired gold loading. Tailoring of the solution volume and cxmceitra- 
tion in this way permitted canplete wetting without excess solution for. each 
felt type in spite of large variations in thickness, apparent density and 
liquid absorpticxi capacity over the range of samples. 

For this program, the standard gold loading was 12.5 ndcrograrns/cm^ of 
projected area* Half the quantity of aqueous gold soluti(X) needed for this 
loading was diluted with three parts absolute methanol to a volume 
sufficient to saturate the felt. Hie other half of the gold was applied in 
a Second immersion cycle. The solution was transferred to a shallow 
polyethylene container of the approximate dimensions of the san^le, 7x7 
cm. The felt was then immersed in the solution and allowed to absorb the 
entire volume. Subsequently, it was dried for 2-3 hours at ambioit tempera- 
ture and then oven-dried at 100 - 110°C for an hour. This process was then 
repeated placing the felt into the aqueous/methanol gold chloride solution 
from the opposite face, to try to achieve uniform distribution of the gold. 
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Finally, each sample was baked at 265 - 2750C for 2 hours. This last 
step was. considered to accomplish thermal reduction of the gold chloride 

deposit to metallic gold; the validity of this assumption is discussed in 
Sections V-A and B,. . .. 


B. Stands r<^ Proceag 

Electrodes delivered to NASA-LeRC on the last program (16) were 
reported to show performance characteristics in full cell tests that differ 
from the characteristics of electrodes prepared at NASA-LeRC. This was 
unexpected since the method used to prepare the electrodes (Double 
Immersion) was not intended to be a variation of any essential feature of 
the NASA-LeRC process, as understood at that time. A careful review of the 
details of the procedures in a NASA publication (8) at the beginning of this 
program, however, revealed several differences which, separately or in 
combination, could be significant; these are listed belows 

Standai:d uaSA Method Double imiiersiofi Methnd 


In IN KDB for 30 

(Tv^fK i. . minutes SO^C. 

pto9?aT el«^rodM delivered on lest 


2. Pelt is saturated with water and 
dara^ried before immersion in 
gold solution. 


Dry felt is imaersed in gold 
solution. 


3. Excess gold soluticxi is used. 

4. Electrode soaked in gold solutiM 
in sealed plastic bag overnight 
before oven drying. 


No excess gold solutiort. 

Electrode air dried for 2-3 hours 
before drying. 


■me inoat significant dsfarturM seemed to be In the third and fourth 
Items listed above. In the NASA method the electrode Is iimeersed In gold 
solution, removed and Immersed In a second portion of gold solution, In 
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which it is allowed to stand in a sealed plastic bag overnight before oven 
dn/ing. In the Double Imnerslon method, the electrode is immersed in gold 
solution for 1-2 minutes and then dried in air for 2-3 hours followed by 
oven drying; this process is repeated, Immersirtg the electrode from the 
qoposite face* 

the next most significant departure would seem to be in the volume of 
gold solution used. In the Double Immersion method the quantity of solution 
used each time is approximately adequate to saturate the dry felt, and the 
total quantity of dissolved gold is deposited on the felt. In the 
method there is a fair excess of gold solutiai (partially due to the use of 
a "datnp-dry" felt) and no drying betwe«i imttte <ons; thus the total quantity 
of gold deposited may be less accurately determined (the excess solutions 
show evidence of colloidal gold). In spite of this, the gold loading 
obtained in terms of particle size could be quite reproducible, and more 
importantly, the activity of the gold deposit could be higher; e.g., in the 
last program (16) , the surface area of the gold deposit was found to be more 
sicpiificant than the actual gold loading. 

C. Modified process (t^ftSArll). 

In order to explore the possible effects of the "excess-volume" 
feature of the standard NASA process, a imich larger excess of solution was 
used in some instances (this has been referred to as the "NASA-II" method in 
this report). In the standard ^;:^A method, using 10 ml of solution for a 7 
X 7 cm felt sample gave an excess volume of about 5 ml. For the NASA-II 
method, 20 ml of solution were used giving an excess volume of about 15 ml. 
The total potential gold loading in the NASA-II method, if all of the gold 
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were deposited on the. felt, would still have been 12.S inicrdgraite/cm2, but 
the gold concentration in the solution was half that of the NftSA-l method. 

this factor was explored further in a separate study presented in Section 
V-B. 

The effects, of the pre-catalysation state of the carbon felt (dry, 
danp, residual pa and catalyzation tenperature) are addressed in Section 
V-C. The test data obtained for these three catalyzation processes are 
covered in detail in Section V-A "Effects of Process Variations". 
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IV. CM80N PELT VU0CES81N8 RODRS 

A. Saoflalfi Descriptions 

Pot the characterization of carbon feltSr Piber Materials, 
Incorporated (PMI) processed strips from a single roll of * ••oh felt at six 
temperatures. Hie entire roll was first pytolyzed (>50f®c) and then cut 
into 8- 9 inch wide strips for graphitization at the following six 
teiBperatures: 1250®, 1350®, 1500®, 1650®, 1800®, and 2300®C (referred to as 

Phase I, Lot 011882). The locations of the strips on the roll. are shown in 
Figure 6. 

Piber Materials, Incorporated also pr^ared "scoured" samples for- NftSA- 
LeRC (Lot .021182) at the same six processing temperatures; scouring refers 
to solvent washing of the rayon felt precursor before pyrolysis to remove 
sizing. At the...request of the contract monitor, these samples were included 
in the initial scrediing* 

On the basis of early test results (see Figures 7 and 8) , the un- 
scoured felt sample processed at 1650®C appeared to give the optimum 
performance. This agreed with the results obtained in the previous program 
(16). Oh this basis, a seccxid set of samples was ordered from PMI, proces- 
sed at 50® intervals around 1650®C (1550®, 1600®, 1650®, 1700®, 1750®C; 
referred to as Phase II, Lot 051882), with the objective of more sharply 
defining the optimum processing temperature and/or establishing an 
acceptable range. 

With the discovery of several discrepancies in the gold deposition 
processes between the standard NASA method (NASA-I) and the standard Giner# 
Inc. method (Double Immersion), the carbon felt characterization stud/ was 
extended, overlapping the Catalyst Optimization -Study (Section V). Pot this 


32 


to the^ext section. 


reason, discussion of some of the data. is deferred 

Bxperifniarita] feocedbr<w| 

1. Hi ya i ca l CharacfA rigt^rfl 

Vlsu.1 oianlnttlon of tho six Phsse t rolls of f.lt 
some thickness verletion, pertleularly noticeable for the 1250«C felt. All 
materials were nominally 1/8 inch. The thickness of each felt roll was 
sampled in 10 placesi 3 places across the width on each end, and 4 
«MlUonal places do« the length. The daU points were taken by measuring 
across 2 x 2 inch metal plates placed on either side of the felt. The 
measurements for all six felts are presented in Table 1. The 1250<>c feu 
shows an average thickness of 70.7 mils (1.8 mm) compared to 143.5 mils 
<3.«4 m«) for the 1650Cc e,u. The overall range is 54 - 150 mils. This 
variation in thickness presents some difficulties in making quantitative 
cxMTparlson of same. pro|)erties. 

Weight and thickness measurements of the scouted carbon felts are 

pr^ented in Table II. These data and a value for carbon density of 2.0 

•if were used to calculate the theoretical quantities and (^^r^* 

which appear in some of the tabulated data, similar data is presented in 

Thble m for the Phase n feltst these sang>les were mote uniform than the 
Wiase I samples, 

2* Sold CatalvMM/;^ 

Phase I laiscoured carbon felts were catalysed by all three 
of the procedures described in Section lit. Double l«forslon, MASA-t 
(standard procedure) and »SA-n (excess solution). 

The Phase 1 scoured carbon felt samples were catalysed by the Double 
Ininerslon method only. 
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The Pha&e tl.catbon felt samples were catalyzed by the NASA**! 
(standard) method only. 

*teatln^ 

All samples were- mounted in the "waxed-clip" holder as 
described in Section !t-A and subjected to the standard cyclic voltamiietry 
routines described in itection II-D. R^resentative voltamtiograms were shown 
in Figures 3 «md 4* 

C.- Results 

Con^rative data were extracted from each of the voltammograms 
obtained by integrating portions of the curves to obtain the d^rge segments 
illustrated earlier in Figure 5. 

For the Phase I felts catalyzed by the Double immersion methodr the 
charge segment data are presented in fable IV for unscoured samples and 
Tables V and VI for scoured samples (corresponding current data points are 
presented in Tables AI-I and Al-II in Appendix- 1). A number of the charge 
segment data points were plotted versus carbon felt processing temperature. 
These are: the hydrogen evolution charge QcH'*' vs. T in Figure 9 , lead 

deposited Q^t^b vs. T in Figure 10, chromous ion oxidized Qj|Cr^'*' vs. T in 
Figure 10a, and relative charging efficiency c^Cr^"V<yr^ vs. T in Figure ll.f 
It can be seen that the scoured felts exhibited more activity goierally but 
showed lower diargii^ efficieicy, accept for felts processed at 1800% or 
higher. The unscoured felt processed at 1650% appeared to represent a 
reasonable compromise in properties and the data obtained with unscoured 
felts were used as the basis for selecting the processing temperature range 
for Phase II felts. Reproducibility of the test data is discussed in Sec- 
tion V-D. 
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Ab diBcusBea e.rUec, the set of Phese I uitecooted felts were elso 
oetelysed by the st«,dard NASA ..thod (NASA-I, end . eodifled NASA «thod 
(NASA-ii). we Charge seg«eht data for both of these sets of saeples are 

presented In Tebles VII and VIII (corresponding corrent data points are 
presented in Table AI-Ii, in Appendix I,. The 

nasa-i method are compared to the result, obtained with Double l.„»r.lon 

i«thod and then with results obtained-with the nasa-ii „»thod, in the- 
following figuEes, 


vs, T 
vs. T 
vs. T 

0^Cr2+/^^ 

VS* % 


*«SA^ vs. Double Imnersion NASA-I vs. NASA-II 
Figure 12 If 

Figure 13 „ 

Figure 14 Figure 18 

« Figure 19 


The felts prepared by both the NASA-I and II methods show«i higher 
activity in general than sanples pr^red by the Double Inmersion method but 
some Similar trends with felt processing tes^rature i.e. higher hydrogen 
evolution rates for the lower felt processing temperatures (l2S0O and 
«50<W and higher charging efficiencies in the mld-tenperature range. The 
charging efficiency values for the graiMte felt ( 2300 Cb „„ exceptionally 
high in both cases, a feMiure not observed in any previous 

The Phase II s«„l,s, processed in a narrower t«perature b«w, around 

. were catalysed by the standard NASA method only. Bte charge segment 

aet. are presented in Wbles IX x (corresponding current data in wble 
Al-lV in Appendix I). n» plots of charge segment data polnte versus carbon 
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felt processing temperature are as followst vs. T in Figure 20, Q^pb 
vs. T in Figure 21, Q^Cr^'*’ vs. T in Figure 22 and OaCr^Vo^n'*’ vs. T in 
figure 23. Although there is substantial variability..in.,electrochemical 
performance over this processing temperature range and no clear optimum is 
apparait, it may be concluded that the entire range (ISSO - 1750^ yields 
carbon felt acceptable as a substrate for the negative electrode. 




The expected negative elect-code performance vs. carbon felt processing 
factors is as follows: 


RECOMMENDED: 


1650 - 1750^; DNSQOORED 


ACCEPTABLE: 


1500 - 1800^; tftiSOODRED 


QDESITOMABLE: 


>1800°C; SOCXJRH) 


UNACCEPTABLE: 


<1500^^; BOTH SCOURED AND UNSOOUR05 

high AOTlVlTy, tew COST, BUT LOW CHARGING EFPICIBIOT 
>1800«^C; UNSOOURED 

LOW ACTlVlW, FRAGILE, EXPENSIVE - • 
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Figure 7« Total Anodic Chromium Charge versus Felt Processing Temperature 





TABLE 

I. 

PHASE I characterization STiifiy - IINSCDlIRFf) 

FELTS 

Felt 

Processing 

Temperature 

j^BQN Fy THICKNESS MEASUREMENTS 
(rMi-u-1/8. Lot OllBBif, Unscour^ 

IMckness by Location (mils) Mean (mils) 

Std. Dev. 


83 

54 



1250®c 

80 

55 

70.9 

12.2 


82 

73 71 85 71 55 




143 

138 



1350°c 

139 

144 

141.7 

3.4 


141 

135 145 143 145 144 





146 





137 



lS002c — 

143 





141 

140.5 

3.3 


142 

141 

143 

T36 

140 

136 




148 





136 



1650°C 

150 





143 

143.5 

5.7 


150 

148 

137 

146 

136 

141 




141 





no 



1800°c 

139 





114 

124.1 

11.7 


135 

123 

109 

126 

128 

116 




136 





108 



2300°c 

136 





113 

125.6 

10.3 


134 

128 

120 

130 

134 

117 




TABLE II. PHASE I CHARACTERIZATION STUDY ■ SCOURED FELTS 


WEIGHT AND THICKNESS MEASUREMENTS OF 49 cm^ SAMPLES 
(FMI-C-1/8 Lot '6'^ 11 82, Scoured Carbon Felts) 


Felt 

Processing 

Temperature 

(oc) 

Weight^ 

(9) 

1250 

1.340 

1.374 

1350 

1.266 

1500 

1.435 

1.411 

1650 

1.448 

1.413 

1800 

1.424 

1.420 

2300 

1.281 

1.208 


Mean Weight 
(9) . 

Thlckness^^^ 

(mils) 

1.368 

69, 63 

70, 59 

1.266 

61, 69, 60 

1.423 

97, 103 
137, 123 

1.431 

125, 129 
130, 121 

1.422 

124, 123 
143, 134 

1,244 

136, 128 
138, 131 


Mean Thickness 
(mils) 

Stand. I 

65 

5.2 

63 

4.9 

115 

18.4 

126 

4.1 

131 

9.4 

133 

4.6 


one sample per line. 


^^^One measurement per sample. 
^Multiple measurements per sample 
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TABLE III. PHASE II CHARACTERIZATION STUDY 



(Done measurement per sample. 

(2)Multiple measur«nents on one 49 cm^ sample, 


TABLE IV. PHASE I CHARACTERIZATION STUDV (UNSCOURED FELTS) 

Comparison of Quantities of Reactants Reduced or Oxidized to 
(Quantities of Reactants ThfeoretlcaUv Available 


All felts activated by Double Immersion Process - 12.5wg Au/cm^. Theoretical 
reactant quantities available based on calculated open volume of felt sample and 
solution concentration. 


Felt Processing 
(^- 

QtPb2+ 
Theor. 
(mcoul ) 

QaPb 
Meas. 
(mcoul ) 

qX 

Meas(^) 
(mcoul ) 

Theor. 
(mcoul ) 

^c^** (4) 
Meas.^^^ 

(mcoul) 

Meas. 
(mcoul ) 

(mcoul > 

1250 

70 

119 

483 

1740 

1478 

1073 

405 

1250^^^ 

79 

162 

1898 

1968 

1990 

1500 

490 

1350 

130 

105 

520 

3240 

871 

649 

222 

1500 

121 

108 

164 

3020 

1031 

538 

493 

1650 

128 

97 

133 

3190 

1025 

636 

389 

1650^2) 

128 

112 

63 

3190 

1261 

666 

595 

1800 

102 

86 

57 

2540 

619 

289 

330 

2300 

103 

70 

67 

2570 

-- 580 

aii_ 

363 


1) Second Sample of 1250°C felt 

2) Values taken from Fe^'*‘ Crossover test before addition of Fe^"** 

3) QgH'*' » Q^Pb^'*'* - QjPb (QgPb^'*’ Is defined to be same as Q^Pb) 

4) QgCr^‘*‘ = QgCr^'*', Pb^'*’, h"*" - ^Q^Pb^”*^, H**" j (*meas. without Cr^'*’) 

5) Q*JCr^ = Q^Cr^"** - DgCr^”^; (**charge attributable to diffusion) 

















table VI. MASE I CHARACTERIZATION STUDY (SCQURgP mT<:^ 


Comparison of~Peak and Tralllno Cr^'*' Oxidation Charaes 

Felt Processing 
(^- 

QgCr2+ 

(mcoul ) 

Q^Cr2’*"(peak) 

(mcoul) 

QgCr^‘*'( trailing) 
(mcoul ) 

1250^^^ 

1,418 

1,266 

152 

1350 

1,322 

1,062 

260 

isoo^i) 

1,013 

661 

352 

1650^^^ 

888 

348 

540 

1800^^^ 

2,829 

2,313 

516 

2300^^^ 

1,281 

699 

582 


^^^FMI-C-1/8 Lot 021182, Scoured, Activated by 
Double Itmierslon Process - 12.5ug/cm^. 
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(inooul) 


2750 


O 


2500 — 
2250 — 


2000 


1750 


Phase I CharacterIjaAlon 
Double Immersion Catalyzation 

• Unscoured Felts 
■ Repeat Unscoured Felts 
O Scoured Felts 


1500 


1250 


1000 


750U- 


501 


250h- 


I 1 I f 

250 1350 1500 165C 


o 




1250 1350 1500 I?§0 1800 2300 

Felt Processing Temperature (°C) 

Figure 9. H'*’ Reduction Charge (QcH'*^) versus Felt Processing Temperature, 
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Q^Pb (mcoul) 
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^^^FMI-C-l /8 Lot 011882 , Activated by NASA-I Method, 12 . 5 uo/cni^. 
^ 2 )fmi-C- 1/8 Lot 01182, Activated by NASA-II Method, 12.5vg/cm2. 


TABLE VIII. NASA- I VERSUS NASA- I I CATALYZATION METHODS 


Comparison of Peak and Trailing Oxidation Charges 


Eelt Processing 
Temp. 

(®C) 

QaCr2+ 

(mcoul ) 

(peak) 
(mcoul ) 

QjCr^'^Ctralllng) 
(mcoul ) 

1250^^^ 

1149 

917 

232 

1350 

1187 

787 

400 

1500 

1275 

965 

810 

1650 

1109 

838 

271 

1800 

346 

217 

129 

2300 

.890 

529 

361 

1250^^^ 

2186 

1082 

1104 

1350 

1895 

1372 

523 

1500 

2110 

1812 

298 

1650 

2284 

2013 

271 

1800 

2647 

2245 

402 

2300 

1391 

810 

581 


(1) FMI-C-1/8 Lot 011882, activated by NASA-I method, 12.5 |J9 Au/cm2 


(2) FMI-C-1/8 Lot 011882, activated by NASA-II method, 12.5 |jg Au/cm^ 
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Phase I Characterization 



Felt Processing Ten^erature (®C) 
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Phase I Characterization 
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Figure 18, Total Anodic Chromiimi Charge Versus 
Felt Processing Temperature. 
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Phase II Characterization, NASA-I Catalyzation 




Phase II Characterization, NASA-I Catalyzation 
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Figure 21. Lead Loading as Measured by the Anodic Lead Charge (QaPb) versus Felt Processing Temperature. 



Phase II Characterization, NASA-I Catalyzation 
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V. cr G0U3 GKraLKZmOII 

A. Effects o f process Variations 

As discussed in Section III» three variations of a basic roethano- 
lic/gold- deposition process were used to catalyze carbon felt san«)les in the 
initial phase of this program. These were 1) the Double Ininersion method, a 
set of procedures developed in the previous program for rigorous control of 
the total gold loading, 2) NASA-I, the standard method used at NASA-LeRG, 
and 3) NASA-II, a modification of the standard method in which the gold 
chloride concentration was reduced by half and the volume doubled. 

^e electrochemical performance of these electrodes and correlations to 
gold particle size are presoited here. Some of the data has been presented 
under the heading of carbon felt processing factors (Section IV) since these 
two tasks were partially merged, as discussed there. All of the electrode 
sanples were mounted in the waxed-clip holder and subjected to the cyclic 
voltammetry routines described in Section II. The cathodic and anodic 
charge segment data were extracted from the cyclic voltamroograms in order to 
facilitate comparisons. The tabulated data were presented in Section IV, 
Tables IV, VII and VIII. Other graphical comparisons are discussed below. 

1. rrm pariaon of WASA-I and Double Intneraiffll Cata l YZfi d SflBplfiS: 
a. Hydrogen Evolution OTagaCter iStifia 

The hydrogel evolution currents for NASA-I catalyzed felts 
at -950 mV vs. SCE on gold-ort-carb<xi in HCl were similar in range to those 
observed for Double Iitinersion Catalyzed felts, (the complete sets of values 
are presented in column 1 of Table AI-I and Table AI-III, Appendix I), As 
has been noted in earlier reports, this parameter is probably only indicative 
of the presence or absence of gold. After the addition of VXI 2 <1 rm), the 
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hydrogen evolution currents in HCl are somewhat higher for Double Iirthersion 

electrodes than for NASA-I electrodes for all processing tempsLcatiMuis 

(column 2 of Tables AI-I and.AI-.Ill, Appendix I). 

Figure 24 shows the total -cathodic charge attributable to hydrogen 
evolution (^+) versus felt processing tasperature. I^.this measure the 
Double Immersion electrodes always exhibited more hydrogen evoluticxi than 
the NASA-I electrodes, again suggesting the (9ASA-I electrodes are more 
favorable in this respect. 

b. BedO& (3iaracteriaf<rift 

lead loadings, as measured by anodic lead charge (Q^f»b) are 
shown versus felt processing temperature in Figure 25. The loadings for 
NASA-I felts were always slightly higher than for tkxjible rinnersi<x) felts 

(except for one 1250®C sample) but the values for both sets are generally 
cl(X3e together.- 

The theoretical quantity of Pb2+ available within the open volume of 
each felt (Qj^Pb^"*! was calculated for each sample for oxnparison to measured 
oxidation charge, ihese values are illustrated in Figure 26 as percent of 
theoretical (QgIh/Q|.Pb2'^ versus felt processing temperature, fioth types of 
electrodes for 1250®C felt exhibited values greater than 100%. The other 
NASA-I felts had values generally less than 100% and in every case the 

values for NASA-I felts equalled or exceeded those for Double Immersion 
felts. 

Redox Omraefrar^ af-^ 

The Cr^Vcr2+ redox performance of the six Phase 1 felts 
catalyzed by both methods is illustrated in Figure 27 in terms of the total 
chromous ion oxidation charge. The NASA-I values exceed the Double 
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Inonfersion values and were almost invariant with processing temperature 
except at 1800^. The patterns for the two sets of electrodes are clearly 
different. 

The fraction of available chromic Ion reduced (C^Cr^VOtCr^**) Is shown 
versus felt processing tenperature In Figure 28. This fraction was always 
greater for MRSA-I felts than Double Ineierslon feltsr but- followed a similar 
trend*. 

The fraction of available chromous Ion oxidized ts shown versus felt 
processing temperature in Figure 29.. The NASA-I felts displayed higher 
values and there was less similarity between ♦^be sets of values. 

Figure 30 shows the ratio of the "pea^ anodic chromium charge to the 
"trailing" anodic chromium charge versus felt processing temperature. The 
NASA-I felts had the higher value of this ratio for every temperature. 

The net efficiency of conversion, i.e., the fraction of chr<MHous ion 
produced that is subsequently oxidized, is shown in Figure 31. There was 
more scatter in these sets of values, e*g., these efficiencies were greater 
for NASA-I felts for 1500®, 1650®C and 2300® but greater for Double 
Imroersim felts for every other temperature. 

d. and Qx?* Rslationships 

TO illustrate the relationship to lead loading, the anodic 

diroihium charge (QaCr^^) has been plotted versus lead loading (as in 
Figure 32. There appears to be a semewhat better correlation for the Double 
Immersion method, as found in previous testing (16), than for the NASA- 1 
method. There Is an overall correspondmice betwe«i the two sets of values, 

however. 

Figure 33 shows the ratio of anodic chromium charge to anodic lead 
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charge as a function of felt processing temperature. Ilie maximum value for 
Double Immersion felts occurred at 1250°C. For this temperature, the .IIASA-: 
felt has a lower ratio than the Double Immersion felt. For all other 
temperatures except 180CIOc, however, the NRSA-I felts exhibited much higher, 
ratios with a maximum at ISOO^C. 

Figure 34 represents the ratio of anodic chromium charge to cathodic 
hydrogen charge versus felt processing tenperature. \<hich may be a relevant 
overall measure of relative charging efficioicy. By this meMure the NASA-1 
felts looked better than the Double Immersion felts at every temperature. 
There is a distinctive peak at 1500®C> this is matched by the value at 
2300®C. whid) is an unusually high value for graphite felt. 

2. con parison nasa-i and NASA-ii Catalyzed Sanples 

a. Hydrogen Evolution Characteristiga 

Hie hydrogen evoluticai curr«it for NASA-II catalyzed felts 
(made with ^cess gold solution) at -950 mV vs. SCE on gold-<xi-carbcxi in BCl 
ranged from 580 mA for 1250®C felt to 960 mA for 1800®C felt. The NASA-II 
felts «diibited considerably higl»r hydrogen evolution than NASA-I felts for 
all process temperatures except 1250®C (the complete set of Values is 
presented in Table AI-III. i^)pendix I). 

Figure 35 shows tl» hydrog«i evoluti<»i current for eadi felt at -950 mV 
in HCl after the addition ef PbCl 2 d mM). The currents in HCl were 
somewhat- greater for NASA-ll felts for all temperatures. 

Figure 36 shows the total cathodic charge attributable to hydrogen 
evolution ((^ffh on Pb/Au versus felt processing temperature. Hie NASA-II 
electrodes followed the same pattern as NASA-I electrodes but showed 
considerably more hydrogen evolution. With extended cycling the rate of 
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hydrogen evolution decreased In both cases. For NASA-II electrodes the rate 
started at even higher values but decreased quite rapidly, 
b. Ph2->-/Pb Redo* Characteristlca 

Lead loadings, as measured, by anodic lead charge (Q^PW .are 
shown versus felt processing temperature in Figure 37. The loadings for 
KASA-II felts were considerably greater than for NASA-I felts for every 
temperature. .There was not a smooth trend in loading with processing 
temperature for NASA-II f«»lts, nor was the pattern Similar for NASA-I and 

NASA-II. 

The theoretical quantity of Pb2+ available within the open volume of 
each felt (Q^Pb^*^ was calculated for each sanple for cotiarison to measured 
oxidation charge. These values are illustrated in Figure 38 as percent of 
theoretical versus felt processing temperature. All the 

NASAtII values exceeded 100% and were greater than the NASA-I values, 
c. rr^Vcr^'*' itedcMc Orfl raster Istics 

The total chromous ion oxidation charge is shown versus felt 
processing temperature in Figure 39. Similar plots for chromium reduction 
charge ate given in Figure 40. The NASA-II chromium charges always exceeded 
the NASA-I chromium charges. The greatest chtoroous ion oxidation charge was 
shown by NASA-II 1800®C felt. The greatest chromic ion reductiai charge was 

shown by NASA-II 1250®C. 

The fraction of available chromic ion reduced is shown versus felt 
processing temperature in Figure 41. This fraction was greater for NASArll 

felts for every processing temperature. 

The fraction of available chromous ion oxidized is shown versus felt 
processing tenperature in Figure 42. Again the NASA-11 felU displayed the 


highei: values. 

The net efficiency of conversion, i.e.,„the fraction of chromous ion 
produced that is subsequently oxidized, is shown in Figure 43. These 

efficiencies were greater for NASA-I felts for all temperatures except 

im^. 

Figure 44 shows the ratio of the ■‘peak" anodic chromium charge to the 
"trailing" anodic chromium charge versus felt processing temperature. The 
NASA-I felts had the higher ratio at 1250® and 2300®C, while the NASA-II 
felts had the hi^er ratio at all other temperatures* The NASA-II values 
increased with increasing processing taiperature until reaching a ma»<mnir| at 
1650® and thereafter declined. 

d. Bi and Relationsh^pa 

To illustrate the relationship to lead loading, the anodic 
chromium diarge (Q^Cr^'^l has been plotted versus lead loading (as (^Pb) in 
Figure 45. Hie values for both sets of electrodes show a fairly ocxisistent 
increase in Cr3/Cr2+ redox activity with Increasing lead loading, as found 
in previous testing. 

Figure 46 shows the ratio of anodic chromium charge to anodic lead 
charge as a function of felt processing temperature. The Values for both 
sets are similar, except at 1800^ 

Figure 47 represents the ratio of anodic chromium charge to cathodic 
hydrogen charge versus felt processing temperature, which may be a relevant 
overall measure of relative charging efficieicy. By this measure the NASA-I 
felts looked better than the NASA-II felts at every temperature. The best 
performing electrodes were NASA-I 1500® and 2300®C. 
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3. Correlation with Qq2A Patticlfi Si2fi 

The standard NASA catalyzation process (NASA-I), and mote 
particularly the modified process (NASA-II), presented an opportunity to 
observe the solutions *'in process" way of the excess solution volume,. in .. 
contrast to the Double Inroersion method in v^ich the solution was designed 
to be totally absorbed by the carbm felt sample. For NASA-II electrodes, 
it was immediately noticed that the excess gold chloride solution had a 
faint blue color. Uie appearance of the solution remained unchanged over 
several weeks of observation. For NASA-I electrodes, the excess gold 
chloride solution looked clear and colorless at first. After two hours, 
however, it changed to purple. The next day tl^ solution was still purple 
and had become noticeably, cloudy. These colors are most probably due ta 
sus pe nded gold particles, the formation of whi<di is initiated amtact of 
gold Chloride solution With the felt. Based on the blue color, observed in 
the NASA-tl preparation, the particles should be- Very small, on the order of 
1.0 nm diameter (nucleates). The purple color seen for NASA-I electrodes 
should indicate larger particles, on the order of 100 nm diameter (21). 
These observations also suggested that metallic gold is formed when the 
methanol ic gold solution contacts the carbon felt. Previously it had been 
assumed that gold chloride was deposited, teguiring thermal decortposition to 
^Olde 

in order to look at gold particle sizes in relation to catalyzation 
method and observed performance, a selection of the samples tested were 
submitted for examination by transmission electron microscopy (TEM). The 
resulting photographs showing r^res«itative views of gold particles on the 
carbon fiber surface in each case are presented in Appendix II. For jxirpose 
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of coinparison» the length and width of each particle was measured and 
averaged to give a maan particle diameter db and the value of one standard 
deviation vs)* These values are presented below for each catalyzation 
method together with selected charge segment data representative of 
electrochemical performance* 


CRTALYZATION MEHTOD, PERPOBMftNCB AND GOU) PARHCLE SIZE. 
(Mean Particle Sizes by TEM) 


CTLYZ. 

HEmCD 

C-PELT 

TEMP. 

(°C) 

QaPb 

(mC) 

QaCr2+ 

(mO 

QcH'*’ 

(nC) 

QCr/QH 

Au PARTICLE 
SIZE (nM) 
(X) (S) 

NASA-I 

1800 

89 

346 

21 

16.5 

31.2 

34.7 

NASA-I 

2300 

110 

890 

25 

35.6 

19.7 

5.4 

MASA-I 

1500 

112 

1275 

36- 

35.4 

62.4 

34.7 

Dbl Imm 

1800 

86 

289 

57 

5.1 

37.8 

10.6 

Dbl Imm 

1500 

108 

538 

164 

3.3 

27.2 

42.3 

NASA-II 

1500 

177 

2110 

302 

7.0 

26.3 

11.9 

NASA-II 

1800 

265 

2647 

548 

4.9 

9.8— 

4.9 


^*rom this data there is some evidence that the NASA-II catalyzation 
procedure yielded smaller and more uniform gold particles which was 
reflected in higher electrochemical activity, including a higher level of 
hydrogen evolution? the latter resulted in low charging efficiency values, 
however. It can be seen that these electrodes had very high lead deposits 
which may be consistent with higher gold surface areas. These values 
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oon.lrt«tly «ce«W tteotetld qumtlty o£ lt.4 .vall^le, towv«, 
which «« hav« twult*3 in some unplsted gold leading to higher hydrogen 
evolution rates, (su* a condition would not be eapected In a flow cell). 

WSIVI catalytatlon procedure, gave larger, less uniform particles 
resulting In lower electroCh«dcal activity but higher Charging efficiency 
values. The Double Imaerslon method yielded gold particle sizes within the 
same range as the MMA-1 method. The eleotroohemlcal performance of 
electrodes catalyzed by this method, however, was quite different (low 
activity, low charging efficiency) suggesting ths Influence of factors. In 
eddltlon to gold partlqle size, or non-representative sanpllngs. 


74 


Q H (ncoul) 
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OoubTe Inm. 



Felt Processing Temperature (°C) 

lading as Measured by the Anodic Lead Charge 
versus Felt Processing Tranperature. 





O Double I 



Fig ure 26, Percentage of Available Lead Deposited versus Felt Processing Temperature. 




Double Inm. 



Figure 27 » Total Anodic Chromium Charoe versus 

Felt Processing Temperature. 


A Repeat Double I 



Figure 28. Fraction of Available Chromic Ion Reduced (%) 
versus Felt Processing Temperature. 




Figure 29 , Quantity of Cr2+ Oxidized as a Fraction of Available 
Cr3+ (%) versus Felt Processing Tonperature. 



^ Repeat Double Iixi. 


Figure 30. Ratio of Anodic Chromium Charge (Peak) to Anodic Chromium Charge (Trailing) 
versus Felt Processing Temperature. 
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Figure 32. Total Anodic Chromium versus Anodic Lead Charge 
(100 mcoul Is equivalent to 54 yg Pb/cm2). 






Repeat Double I 



Figure 33. Ratio of Chromium Charge to Anodic Lead Charge 
— Versus Felt Processing Temperature. 
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Figure 37. Lead Loading as Measured by the Anodic Lead Charge (Q^Ph) 
Versus Felt Processinq Temperature. 



NASA- I I 
NASA- I 
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Figure 38. Percentage of Available Lead Deposited 
Versus Felt Processing Temperature. 








ic Ion Reduced Versus Felt Processing Temperature 
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Figure 42. Quantity of Cf2+ Oxidized as a Fraction of Available Cr3+ 
Versus Felt Processing Tanperature. 
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Figure 44. Ratio of Anodic Chromium Charge . to Anodic Chrwnium 
Charge (Trailing) Versus Felt Proc^ • ,nq Temperature. 
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B. Corttroiied varlatlcmfl at Catalvz lnfl £iQgeduife 

In the previous sectionn .it was ftpted that variations in some of 
the steps in the catalyzation process resulted in clear differences in 
electrochemical performance and some variations in gold particle sizes. In 
order to explore this further, a set of carbon felt samples were catalyzed 
under carefully controlled conditions incorporating precise modifications. 
The modifications were directed primarily at the effects of gold solution 
ooncentration/volume, soluti<»i/felt contact conditions and time, and baking. 
1. Procedure 

Six 49 cm^ samples were cut from Lot 011882 — 1650®C carbon 
felt for 4 -Ma stu^. Each saraple was cleaned in IN KOH for about 30 minutes 
at 90®C, rinsed thoroughly and dried at 110®C. A1 1 felts were exposed to 
the gold solution in the dry state (i.e., the damp-dried procedure was not 
used). All of the sanqples were subjected to the same initial immersion 
procedure, except for double solution volume in one case (DVP-16): five 
minutes in solution in air, with rotation of the sample after 2 minutes. 
After the initial 5 minute inonersion, sanples varied in the type of extended 
storage (<^en to the air or enclosed in a plastic bag) and the storage time 
(from zero to 16 hours). At the end of the storage periods, all of the 
sanples were oven-dried at 110°C for 2 hours/ then five of the six saraples 
were baked at 270®C for 2 hours, the sixth sample (EVA-180) was not baked. 
These parameters are summarized in the table belowt 



Sample 

I.D. 

Solution 

VOl.(ml) 

Type of 
Storage 

Wet-Storage 
Time (hrs.) 

Baking 

TWIp(®C) 

EVP-16 

16 

closed* 

16.0 

270 

CVP-16 

32 

closed*' 

16.0 

270 

BVA-5B 

16 

open 

0.0 

270 

BVA-30B 

16 

opei 

0.5 

270 

EVA-180B 

16 

op^ 

3.0 

270 

EVA-180 

16 

op«i 

3.0 



*miclosed in plastic bag 



2. 

Results 





The electron microgtaiAis obtained for each of these sanples are 
ehotm in Appendix ill, Figures MII-l to 6 (magnification 90,000X; 1 mm - U 
nm>. Uie three -opai-inmersion- samples (EVA-5B, EVA-306 and EVAr-1806) do 
not show significant distinguishing features; all three samples show similar 
particle sizes, although the shorter exposure-time saliples appear to include 
smaller particles in addition. The "flash evaporation" of the solvents from 
8ant>le EVA-56 apparently did not give rise to large particles as Was antici- 
pated. The sample that was not baked at 27tr (EVA-180) shows one large 
particle and other particles of "typical" size, and the gold particles 
apparently form without the aid of thermal decomposition at 270OC. These 
findings may suggest that deposition occurs by adsorption from a colloidal 
gold state, induced by contact with the carbon felt (as discussed in Section 
A above, excess solutions were observed to be violet or blue in color, 
indicative of colloidal gold). 

The sample prepared with double volume (and half the gold 
concentration) and stored in a plastic bag for 16 hours (DVP-16), eidiibits a 


IOC 


particle size range sindlar to the opai-exposure sanqples discussed above. 
The comparison sample, using no excess solution (BVP-16), shows an 
extraordinary range of particle sizes, frdfn 10-400 nm, making an evaluation 
difficult. 

In general, it is difficult to clearly identify a processing effect on 
particle size for the parameters examined. In view of the observations that 
gold particles are formed before the 270^0 baking step and appear after only 
a brief immersion in solution followed by rapid oven drying, the initial 
manants of the catalyzation process could be a very significant phase in the 
pr^>aration of an electrode. 

Cyclic voltammograms were recorded, in the usual manner for all six of 
these samples. For comparison, selected data values were extracted from the 
voltanmograms; diarge segroait data is presented in Table XI (corresponding 
current data points in Table AIlI-I, Appendix III). Sane of these values, 
r^resentative of electrochemical performance, together with gold particle 
sizes (average diameter, X, based on mean of loigth and width measuremoits, 
and one standard deviation,s) are presented below. There is no obvious 
correlation between performance and gold particle size. The samples 
prepared by variations of the NASA process, EVF-16 and DVP-16, exhibited 
Cr^”*" redox activity in the range between NASA-I and NASA-Il preparations. 
The DVF^16 sample pr^red with excess volume showed an exceptioially low 
hydrogen evolution rate resulting in very high charging efficiency. The 
unbaked sample, EVA-180, showed the highest Cr^"^ redox activity and was 
reproducible. These samples also show the highest lead loading. These 
factor . would seem to indicate a high gold surface area but this was not 
confirmed by electron microscopy. In a similar inversion, the sample exhi- 


biting the smallest particle sizesr EVA-5B, gave the lowest Cr^”** redox 
activity. 


Sanple 

IJ). 

Vol. 

(ml) 

Exposure 

Conditi(Xi 

Time 

(hr) 

0^ 

(nO 

(roO 

(mO 

QCr/Q8 

Size of Au 
Part, (nm) 
S s 

BVP-16 

16 

Closed 

16.0 

136 

1709 

51 

333 

102 

88 

DVP-16 

32 

Closed 

16.0 

129 

1458 

7 

208.0 

27 

25 

BVft>5B 

16 

Open 

0.0 

123 

1154 

20 

57.7 

18 

11 

EVA-30B 

16 
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149 

1838 
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10.7 

18 

19 
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20 

(REPEAT) 



ft 

174 

1993 

143 

13.9 



EWVrlSO* 

16 

Opai 

3.0 

272 

2361 

327 

7.2 

89 

109 

(REPEAT) 

n 

n 

II 

270 

2443 

313 

7.8 




*sanple not baked at 270% 


102 


o 


U)\ 




s 


(U 

N 


5 




0> 

u 

£ 




£ 


<0| 

0) 


§ 


(3 

o 

0) 


I 


A 

M 

^«i 

O' 


c^ 


W * 

« ^ § 
•3 5^ 

or 


A • , 

U W P 

U to o 

0 ) u 

c? == ^- 


u 

u 




sO C 4 00 


00 

o 

C4 


f^ 

in 


o tn 

S 00 *-• 


00 

in 


CM 

o 

<n 

ox 

cn 

00 

;S 

o 

vO 

o 

•0^ 

s 

<n 

tn 

id 

<n 

sP 


o 

00 

sC 


O\00'4^00O'C?*i*2 

oS^«A«'^iSSJ)S 3 

i 2 =! 222 S^ 


(0 P 
p o 


o ii 


+ 

fO 

Vi 

O 


Vi 1-4 

o 2 

0 ) o 


or 

♦ 




iO 


C4 


o 


*-4 

cn 

m 


xP 


CM 

cn 

m 

O 

OX 

m 

•O 

xP 

cn 

o 

*H 

f-i 

CM 

CM 

cMr 

cn 


CM 


t s g s ^ 

y ^ y 

or X u 


o 

CM 


CM 


<n tn 5 

CM ^ CM ^ 
^ CO 


cn 


0) 


f-4 

•8 

XI ♦ iH 

Pk W P 

fH 

d 0 



(0 

O' 5S B 

> 


< 



soo\cn^f^ 2 J^, g 

222222?3R 


CM 




or 

♦ 


M P 
O O 
0) 


00 00 00 00 00 5552 


+ 

0? 


t/5 


\ 


PQ A 

« o o 
SA OQ o 00 00 

S 5 ? cn ^ ^ 

I I t t i 


+ 

/-s 

pt; 


o o 
00 00 


cu ^ ^ 2? ^ 

I g g) S ^ S) ^ 


103 


1 


(0 

4J 


iH 


O 

> 


8 * 


•s 

u 

(0 


o 

ox 

o 

ox 

o 

ox 

o 

ox 

f-4 

o 

ox 

o 

ox 

o 

ox 

«-« 

o 

ox 

fH 

3 

■3 

cn 

cn 

cn 

cn 

cn 

cn 

cn 


u 


•o 

0) 

0) 

to 

fO 


•s 

4S 

•rl 

l 


to 

0) 

•H 


to 

§ 

u 


0) 

*o 

o 

u 


u 

<0 


§• 


M 

A 


4i 

§3 

44 M 

3 8 

P U 

4 i d 

VJ O 
Q> *H 

O P 

0 > r-t 

68 

«lt 


*5 

•s 


o 

e 


po 

+ 




''.b 






c. Bgfectfl aL Pgfi^taXyatim atata and Catalyaatlai Taaperatuta 


In the course of catalyzing electrodes over a period of many 
months# other process variables that could affect the gold deposit were 
noted* Some of these are related to the precatalyzation state of the carbon 
felt such as its moisture content# damp or dry and its residual pH. Other 
factors are the wetting agent used (methanol or acetone)# emd the 
t^iqoerature of the catalyzing process. The work done to determine the 
effects of these factors is discussed in this section. 

1. Effects Dan& ql Qiy Felt end Wetting Agent 

In earlier work on this program# after the pretreatment 
process in IK)B the felt was normally oven dried, ihe objective at that time 
was to control the total amount of gold deposited (to study gold loading 
effects) by using a quantity of gold solution equal to the absorption 
capacity of the felt sample (i.e. no excess solution). The absorption 
cs^cif^ of the felt was determined by weighing the water-saturated felt at 
the of the pretreatment process and again after drying. At NftSA-I^RC# 
tl» customary practice was to towel-dry the felt samples to a "damp" state 
after the pretreatmait process and then proceed directly to catalyzation. 
In the damp state the carbon felt absorbs less gold soluticm giving rise to 
the "excess" solution noted in Section III. In the study of controlled 
variations in Section B above# all of the samples were prepared from dry 
felts (i.e. ov^i-dried after pretreatmmit) . Examination of that data does 
not indicate a significant effect that could be attributed solely to the use 
of dry felts. In fact# sample preparation EVA-180B# which most closely 
resembled the Double Immersion process (a dry felt method)# is quite 
different in electrochemical performance from electrodes prepared by the 
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Double Inmerslcm process. 

This same factor was investigated in a separate study in tMdi the use 
of acetone rather than methanol was also examined. Pour variations were 
studied using 1650®C felts. These aret 

1) Methanol/dry 3) Acetone/dry 

2) Methanol/danp (NASA-i) 4) Acetone/dan() 

a. Baperimflital Ptoeedurftft 

Pour samples of 1650<> felts (Lot 051882) were activated by 

following the standard NASA procedure (NASA-I) with certain modifications. 

The modification for the sample designated "methanol dry" was to apply the 
gold chloride solution to a thoroughly dried felt. Por the sample 
designated "methanol damp", the standard procedures were used without 
modification. ...The modification for the sample designated "acetone damp" was 
to substitute acetone for methanol. The modifications for the sample desig- 
nated "acetone dry" were to substitute acetcxte for methanol and to apply the 
gold chloride solution to a thoroughly dried felt. 

"Dry" felts were thoroughly oven dried. The term "damp" was inter- 
preted to mean internally moist but without visible external moisture. Damp 
felts were obtained by placing the wet felts between layers of absorbent 
towels (Shur-Wipe 125 Medium Duty, 2 Ply Wipers) and gently applying pres- 
sure with a hand roller, in all cases, 10 ml of solution containing 12.5 

micrograms Au/cm^ was applied to 49 cm^ of felt, 5 ml to each side, 
b. Results 

The cathodic and anodic charge segment data extracted from the 
voltamnograms are given in Table XII (corresponding current-data points from 
the voltaminograms are given in Table AIV-I in Appendix IV). 
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The hydto«en evolution cuttent (leH*) on ho/C In HCl et -950 mV (SCE) 
tended from 160 mh for the methenol-demp electrode to 610,«h,fot the 

acetone-dry electrode. 

rrom Table XII It le eeen that the toUl cathodic charge attrlbotab e 
to hydrogen evolution «yrt varied from 10 aC for the acetone^ sa«pl* 
to 117 me for the «»tone^ry eaa,.le. there was no pertlcular correl^Jon 
beteeen 0 ^ values and values, this Is not ^expected based on pre- 

vious results. 

toad loadings, as measured by anodic lead charge ((j,Pb) are shown for 
each optimization felt in Table Xll. The values were within the range 

previously determined for standard NASftr-I felts. 

The Ct^Ver** redox performance of the four samples is given ta IStole 

XII in terms of the total chromoua. ion oxidation charge. TheQ,Cr2+ 
mere within the range of values shown by the standard NASA-I felts except 

for the high value of 1580 mC for the acetone-dry sample. 

TO Illustrate the relationship to lead loading, the anodic chromrum 
charge (agCr^+l has been plotted versus lead loading (as (^HO in Figure 48. 
The data exhibit the typical direct relationship observed and appear to 
approach a somewhat better linear correlation than usual. 

Values for the ratio of anodic chromium charge (QaCt *> ho cathodic 
hydrogen charge , which »y be a relevant overall xmasure of relative 

charging efficiency, are presented below. The values of this ratio for 
four optimization felts are within the range of values found previously for 
NhSh-I felts with the highest value being shown by the aceton^ saaple. 
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Methanol/Dry 

24.9 

1144.. 

46 

Methanol/Danp 

20.2 

890 

44 

Acetme/Dry 

13.5 

1580 

117 

Acetone/Damp 

80 

802 

10 


Fton an examination of the above data it is clear that this small 
8anc>le of test data is not sufficient to clearly differentiate the factors 
tested. Both wetting agents have been used successfully at NASftrl^JC. It 
was also concluded that the datsp/dry addition of the felt per se, prior to 
catalyzati(X)» was not a significant factor. A related factor# the residual 
pH of the felt after pretreatment in KOH, was considered to have more 
potential .Influence on the subsequent catalyxation. This is discussed 
below. 

2. fi^aidual pa fif 

On this program the carbon felts have always beto pretreated 
in KOH according to procedures developed on the last program (16). The 
felts were always thoroughly rinsed after this pretreatment # but it was 
observed that water dripping from the rinsed felt could Vary from pH 5 to 
9. For this reason# this factor was ^amined over this pH rar^e under mote 
controlled conditions. 

a. Enperimentai. Procedure 

Nine samples from the 1700®C ff^lt (lot 031482) were soaked in 
methanol# rinsed# damp^ried and then placed in 45% KM at 90®C for 2 hours. 
The samples were subsequently rinsed to pH 6# soaked in distilled water 


overnight (pB 6) .nd then dt.lned end dtled. Bubeequently,. thr« a. p 
each wete.inwetaod in water with pH adjuated to 5, 7 and (ua n, 

HCi,. v«»u» deaerated ««d allowed to aor* for one a half h«.ra. Pr» 
eneae ^ controlled rinaea, the a»pl.a were d«^ried -,d then catalyze^ 
according to the teat of the atandard NASH procedure (8). An addltiona 
control point wea Intro^ced by holding the t»per.t»re of the aP8»oua go 
Chloride aolutlon at 25^ after Mxi^ «ith ~tt»"ol 

‘relectrodea at each value were aubiacted to the atandard cyclic 
voltawwtry r«rtinea deacribed in Section II. In addition, after cca^leti* 
of the laat volt»«nogram (IH HCI, InM PbClj, 50 »H CrCls) at 25 C, t e 
te.^„ture waa «laed to 45«C and then 65«C. «« uaual charge aegnent data 
uete ertracted fron the voltanaogran. for compariaona. 
b. Besulta 

Charge aegment data are plotted in Flgurea 49 and 50 veraua teat 
te^rature. it can be aeen that ti« electroche.eic.1 perfo^ waa n^ 
cepro^ible for any value a-^le teated. A plot oV Q.Cr^* veraua C^rb 
shown in Figure 51 illuatratea the direct relatlonahlp uaually found between 

these values# however. 

theae aanplea were alao aubnitted for examination by tranamiaalon 
electron mlcroacopy <TEM>. «>e photographa are ahown in Appendix iv. For 
ccpariaon, the average gold particle aixe waa determined in each caae, 
theae valuea together with aeleeted electrochemical performance data are 

presented below: 
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CTLYZ. 

msB 

(®C) 

PRE- 

CAT. 

pH 

■QjW)" 

(nC) 

(mC) 

QCr/(» 
(mC) (mC) 

Au PARTlOf 
SIZE (nm) 

(X) (8) 

A 25 

5 

178 

1883 

132 

14.3 

66.3 

68.8 

B 25 

5 

113 

832 

12.3 

67.6 

53.7 

31.2 

A 25 

7 

138 

1023 

126- 

8.1 

56.4 

29.8 

B 25 

7 

213 

2155 

108 

20.0 

31.6 

16.1 

A 25 

9 

236 

2281 

920 

2.5 

67.9 

93.3 

B 25 

9 

121 

545 

80 

6.8 

57.3 

92.5 


The mean particle size (id is fairly consistait in all cases, but the range 
of sizes for the pH 9 samples was much larger as reflected in the large 
standard deviation values (s)* 

Again, the data do not permit any clear selection of conditions but 
suggest rather that 1) a pH range of 5 to 9 is an acceptable precatalyzation 
condition for the carbcm felt, and 2) still other factors ate influoicing 
the catalyzation or testing process. 

3. Effects Catalyzation TgBpegatUgft 

It was noted that the mixing of the aqueous gold chloride and 
methanol was an exothermic process raisii^ the solution temperature by 5 > 
lO^C. This could be of significance since the solution was customarily 
mixed immediately before use (to avoid precipitaticxi of gold) and the first 
few minute of contact with carbon felt may be crucial, as discussed in 
Section V-B above. In order to explore the possible effects of catalyzation 
temperature on electrochemical performance and gold particle size formation, 
carbon felts were catalyzed at three different temperatures with the 
extremes beyond any normal ambieit range, 0®, 25®, and 50®C. 
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a. Eicperliterttal Procedure 

Samples of 1700^ (lot 0514S2) felt were catalysed according to 
the standard NASA procedure (8) with the addition of two inportant control 
points, in order to omtrol any potential effects of residual felt pH* as 
discussed above, ROH-treated felts were soaked in water of neutral pH 
iflmediately before the dan?>-drying step prior to catalyzation. The actual 
criterion was that one and one half hours of soaking should produce no 
discernible Change in the pH of previously boiled unbuffered distilled water 
of pH 7.0. In addition, the aqueous gold chloride solution and reagent 
grade methanol were thermostated in a water bath before and after mixing. 
The temperature of the gold d^>osition solution was rocmitored closely and 
the solution applied to the damp-dried felt only when it was within one 
degree of the specified tenperature, 0®, 25® or 50®C. ..The felts were then 
held at tte catalyzatioi tenperature (±5®0 for 16 hours. 

Catalyzed felts were mounted and waxed as usual and tested by cyclic 
volt’jnmetry, as described In Section II, first in a solution of ImM PbCl 2 in 
1 N HCl at 25®C. Chromium chloride was then added (50 mM) and a second 
voltamroogram was recorded at 25®C. These sanples were also submitted for 
examination by transmission electrcxi microscopy (TEM). 


no 


b* iteflultfl 

The TEN photograE^ are shown in j^p^dix IV, figures AlV>^ to 8. 
Charge segmeit data were ^racted from the voltanvnograms and are preseited 
below together with mean gold particle sizes <X) in each case. 


(HLYZ. 

TEMP. 

(°C) 

PRE- 

CAT. 

PH 

(mC) 

QaCr^*^ 

(mC) 

(mC) 

QCr/CP 

Au PARTICLE 
SIZE (nm) 

(X) (8) 

0 

7 

176 

1650 

87 

19.0 

24.4 

18.1 . 

25 

7 

213 

2155 

108 

20 vO 

56.4 

29.8 

50 

7 

132 

932 

28 

33.3 

62.0 

63.1 


It can be se^ that there was a progressive increase in gold particle size 
with increasing catalyzation t^i^erature as anticipated. The range of 
particle sizes (standard deviation, s) also increased with increasing tatip- 
erature. The charge segment data is quite scattered but the values for 
relative diarging efficiaicy iinproved sonneMhat with increasing catalyzation 
tenperature. This data suggests that, although catalyzation temperature 
affects gold particle size in an expected manner, here again th^re are other 
factors influencing electrochemical performance. 
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TABLE XII. Catalyzation Optimi?ation Study 
rnmnarison of Quantities of Reactants Reouced or Oxidized 
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Figure 49. Anodic Charge versus Test Temperature 
a nd Precatalyzation Fe1t»pH. 
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D. Bg ?rQdug l b ili tY at El fictrochaidc a l Perfonteftfeft 

In the previous studies directed to defining the critical factors 
in the gold catalyzation process, discussed in Sections V A through C above, 
the electrochanical performance observed was frequently erratic suggesting 
that some influential factors were not being controlled. One such factor is 
the carbon felt substrate, which can exhibit Variations in physical and 
chemical properties and has been found to influence performance, as 
discussed in Section IV. The KOH pretreatment process is directed to 
neutralizing some of the chanical properties of the felt, but it is 
obviously not con^letely effective and does not address variations in 
physical properties such as densi^, thickness and surface area. I ’h w i# the 
carbon felt remains as a potentially influential factor that is probably not 
completely, controllable. Another factor is the ^clic voltammetry testing 
procedures used. This stu<fy was directed to the latter, assuming that the 
carbon felt substrate over a small area would be sufficiently uniform in 
properties. A concerted effort was made to control all other factors in the 
catalyzati^ and testing processes. 

For this purpose, three felt sanples (from a small section of one lot 
of felt) Were catalyzed in three s^rate operations using the same cataly^ 
zation method (NASA-I). Each sanple was then cut into three strips to 
provide a total of nine samples for electrochemical testing. In order to 
exercise greater control over the catalyzation process, each sample was 
pretreated in a measured quantity of potassium hydroxide and an individual 
ouantity of aqueous gold solution was mixed with methanol (an exothermic 
process) immediately prior to use and thermostatted for a fixed period of 
time. The least controllable step in the process is damp-drying of the 
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felt. This procedure has not been found .to be significant and was not 
intentionally ttodified, but the results were observed to be qualitatively 
different than in previous preparations. 

U Eacpferimental Procedures 

Three 49 cm^ samples were cut from carbon felt Lot 011882 - 
1650^ Ea<di felt was placed in a strata beaker and covered with 200 ml 
of 119 KOH and a weight to keep it submerged. The beakers \»ere evacuated 
three in succession to remove air froji the felt satiples. Bie beakers 
were .then removed from the vacuum dessicator and placed on hot plates. It 
took 20 minutes for the tenperature of the KOH to reach 90°C. The teflpera- 
ture was maintained neat 90^ for 30 minutes more. The felts were rinsed in 
tap water and then in .distilled water. Subsequently the felts were 
submerged in distilled water and vacuum backfilled three times. Finally the 
samples were rinsed in distilled water again and submerged in deionized 
water for about 22 hours. 

A 12.5 ml volume of aqueous gold chloride solution (245 micrograms/ml) 
was placed in a dry 50 ml volumetric. The volumetric was placed in a 24^ 
water bath and vdiile stirring, reagent grade methanol was added to tl« mark. 
The time when methanol was added was noted for each sample. After the 
methanol/gold chloride solution was mixed, it was left in the water bath 
While a daitp-dried felt was prepared. Tm minutes of vigorous danp drying 
was used. The felts were observed to be qualitatively "drier" than in 
previous preparations. Immediately before use of the aqueous methan- 
ol Ic/gold chloride solution, a small quantity of methanol was added to bring 
the solution level back to the mark (the volume had slightly decreased due 
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to cooling). 


IVelve minutes. -after the initial mixing with methanol, 5 ml of aqueous 
roathanolic gold chloride solution was pipetted into a plastic tray. The 
danp-dry felt was placed in the tray and pressed for about 5 seconds with a 
glass beaker. The felt was stored in a Teflon pan while 5 ml more gold 
chloride solution was placed in the tray. The felt was flipped over, placed 
in the tray and physically manipulated as before. The felt was then 
transferred to a plastic bag. iwo more felts were activated the same way. 
Oie hour and 25 minutes elapsed between the time the first felt was placed 
in a plastic bag and the third felt was placed in a plastic bag. 

The felts were left in plastic bags overnight and then simultaneously 
air dried for five hours. The felts were heated for two hours in a pre- 
heated 110<^ oven -followed by two hours in a preheated 2t0%-oven. 

2. ttesulfcg 

The voltanraograms were obtained in identical fashion according 
to the procedures described in section II. The lead and chromium traces 
represent in each case the twenty-third iR-compensated cycle. Selected 
current data points from the voltanroograms are presented in Table AV-I in 
Appaadix V. The cathodic and anodic charge segment data extracted from the 
voltanroograms are given in Table JCIII. Table XIV shows conparlsons of both 
peak and trailing Cr2+ charges and various charge ratios. An abbreviated 
table of values, together with some statistical data, is presented below. 
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PREP. SA(ffL&... Q^Pb QaCr^*^ QCc/QR 


1 

A 

181 

2283 

58 

39 * 

1 

B 

129 

942 

13 

72 

1 

C 

113 

791 

36 

22 

2 

A 

116 

1380 

49 

28 

2 

B 

1^ 

970 

29 

33 

2 

C 

191 

1789 

80 

22 j 

3 

A 

128 

854 

30 

28 

3 

B 

123 

739 

29 

25 

3 

C 

129 

898 

33 

27 


MEAN . 

sm, im. 


135 1183 

30 531 


a. HVdrooen Eroliition Characterlatlcs 

As shown in Table AV-I, the hydrogoi evoluticm current m 
Au/C HCl at ~950niV (SCB) ranges from 220 mA for sample 3B to 550 mA for 
sample lA. There is less variability within sample :> than within sanplte 1 
or 2. 

b. fied&E Charactegistics 

The lead loadings* as measured by anodic lead charge 
(Q^Pb)* are shown in Table XIII. fiy this measure also* sample 3 appears 
uniform* \^ile samples 1 and 2 do ndt. Sev«i of the nine values are fairly 
close together; sanples lA and 2C deviate the most. 






c. fiedfiK Chag/icteristlca 

The Cr.?.t/Cr^.t redox perfotmance of the three samples is 
presented in Table XIII in terms of total chromous oxidation charge 
(QgCr^'^* Sample 3 is more uniform than saitples 1 or 2. the mean values of 
Q^Cr^'*‘ (mO and standard deviations for saA^les 1-3 are re^>ectivelys 1330 
£ 821, 1380 ± 409, and 830 ± 82 mC. 

Ihe results from this study are shovm in the cont^ of a selectim of 
E»:eviou8 test data in Figure 52. It can be Seen that the data points nearly 
i^>an the range and thus cwld mask any differences between catalyzatien by 
the Double Immersion method through the NASA-II method. There is a definite 
grocqping of points around a value of 800 mC> however, it is apparent 
that a large nunfeer of data points might be needed to obtain a statistically 
significant value. 

Table XIV presents various charge ratios, which again show the greatest 
uniformity for sample 3. The charging effici«icy values (ratio of chromous 
oxidation charge to hydrogei evolution charge), for example, for sample 3 
Show a mean value of 26.7 with a standard deviation of 13. Six of the nine 
values are fairly close together with a mean of 253 and a standeurd <tevia- 
tion of 2.8. 

Presented in the context of the same previous test data in Figure 53, 
it can be seen that the charging efficiency values show a Somewhat better 
grouping around the previous comparable data point (NASA-I, Phase I) than 
chromous oxidation charge values alone; nonetheless, there is still some 
very broad scatter that could skew the results. 


TA8LE XIII. Reproducibility Study: Surnnary of Quantities of 
Reactants Reduced or Oxidized and Quantities of 
Reactants Theoretically Available. 


Electrode Description 
Sample 

*QtPb2+ 
Theor. 
(mcoul ) 

QaPb 
Meas. 
(mcoul ) 

QcH* 
Meas. 
(mcoul ) 

*QtCr3+ 
Theor. 
(mcoul ) 

QrCr^* 
Meas. 
(mcoul ) 

OaCr^^ 
Meas. 
(mcoul ) 

QcdCr^^ 
Calc, 
(mcoul ) 

lA 

128 

181 

58 

3190 

3192 

2283 

909 

IB 

128 

129 

13 

3190 

1425 

942 

483 

1C 

128 

113 

36 

3190 

1101 

791 

310 

2A 

128 . 

116 

49 

3190 

1938 

1380 

558 

2B 

128 

107 

29 

3190 

1335 

970 

365 

2C 

128 

191 

80 

3190 

2303 

1789 

514 

3A 

128 

128 

30 

3190 

1202 

854 

348 

3B 

128 

123 

29 

3190 

1075 

739 

336 

3C 

128 

129 

33 

3190 

1169 

898 

271 


♦Theoretical reactant quantities available based on 
calculated open volume of felt sample and solution 
concentration. 
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table XIV 




QaCr^'VQcH 



Figure 53 . 


Felt Processing Temperature (°c) 


Comparison of Reproducibility 
Data! Charging Cffidoncv vs 
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Study Data Points to Previous 
Felt I’rocessing Temperature. 
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e. Ptatributlon m Electrodfig 

The objective of this investigation was to prepare electrode 
sanples for microscopic analysis of the active lead/gold catalyst structure. 
The size, shape and distribution of gold catalyst particles on carbon felt 
electrodes have been studied, principally by means of transmission electron 
microscopy, and reported here and under previous contracts (16). The 
catalyst actually present during the redox reaction, however 

consists of metallic lead deposited from solution in addition ^o the afore- 
mentioned gold particles. The disposition of the lead component of the 
catalyst, while crucial to the performance of the negative electrode, has 
not been ^ematically studied. There are numerous possibilities: lead 

may exist, for example, as a thin plating on the gold crystallites, or even 
directly on the carbon fiber substrate/ or as particles situated on, 
adjacent to, or fax removed from the gold particles; or, of course, any 
combination of these. Furthermore, it cannot be anticipated that all 
lead/gold configurations would function as equally efficient 
electrocatalysts. Knowledge of the two-ooraponent catalyst structure could 
providte explanations for some of the performance variati<»» observed. Thus, 
atteftpts were made to prepare suitable samples for microscopic exiv.a mtion. 
In addition to transmission electron microscopy. X-ray dot-mapping 
techniques were also tried to examine the lead versus gold distributien. 

The intent was to plate lead on identical pairs of catalyzed carbon 
felt electrode samples under normal conditions and, after establishing some 
baseline performance characteristics, to preserve the lead/gold structure by 
quickly rinsing and drying the felts. One sample of each pair was retained 
for analysis; the second was returned to the half cell to determine whether 
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this treatment had-.caused changes in performance which might bs indicative 
of degeneration of .the catalyst. 

1. Bqyeriinenta] Procedure 

The sauries chosen for this experiment had been prepared for the 
residual pH study discussed in Section V-D. These were processed from 
1700®C felt (Lot 051482) iidlich had been cleaned in 45% KOfl at SO^C for 2 
hours. Catalyzation was conducted according to the standard procedure 
described by NASA (8) with the addition of a soak in pH-adjusted water 
immediately prior to catalyzation/ and adjustment of the aqueous gold 
chloride methanol soluticai to 25®c before use. One set of data was obtained 
for felcs processed at each of pa 5, 7, nd 9 , re^aectively. 

Electrodes were mounted, waxed, and tested at 25^ in ImM PbCl 2 with IN 
HCl in the manner described in Section II. An iR-corapensated cyclic voltanK. 
mogram was datained as a measure of baseline performance. 

As the potential next sw^ toward the region of hydrogen evoluticai, 
the cycling was stopped and potential held at -950 mV vs. SCE for five 
minutes, during which time the current was monitored. The potential %ras 
then monitored as the cell was switched to open circuit for an additional 
five minutes. Ihe iR coitpwisaticaj was removed at this point, as applicaticwi 
of a compensated potential tends to induce irreversible oscillation. By 
this rcnjtine, lead was plated onto the electrode vdiiCh was then allowed to 
go to an cpei ciraiit potential, ihe potential was reapplied at -500 mV vs. 
SCE as it swept toward a more positive potential, allowing the lead to 
deplate (provided that it had remained stable at open circuit). The peak 
representing this lead dissolution, as well as the next conplete cycle, were 
recorded without iR coirpensation. 


Con{)ensabiOT was then added ® stea<S^ state voltaiwuo^taft 

was recorded* TSils was ooitiared to the initial voltarsnogram and any (Ganges 
in behavior were noted* 

The potential was then held At -950 mV for 5 minutes as before; 
however* when the cell was switched to open circuit* the electrode was 
iniiiediately renoved* rinsed successively in distilled water* 50 volume % 
inethanol/water* and twice in anhydrous methanol* th«i dried under vacuum for 
one hour at anbi^it temperature. 

The dry electrode was returned to the cell which was then subjected 
briefly, to vacuum in ofder to draw the PbCl 2 /HCl solution into the felt. 
Electrochemical characteristics of the lead/electrode interaction were 
studied as described previously by applying potential at -500 mV and 
recording the initial lead dissolution peak and one additional 
plating/d€^>lating cycle without iR oonpeisation. A steady-state iH-compoi- 
sated Voltamraogram was then recorded. Voltaromograms obtained before and 
after drying of the electrode were then examined and centred. The lead 
plating/deplating peaks were integrated by the paper-weight ratio method to 
provide a quantitative ba&'is for comparison. 

A catparison electrode for each of those bested as above was prepared 
from an adjacent area of the same felt. The second electrode of each pair 
was tested as usual in ImM PbCl 2 * held for 5 minutes at -950 mV* then 
removed* dried* and retained for microscopic analysis. 

An additional sample* without gold* was prepared with the objective of 
retaining lead chloride in addition to any plated lead. This sample was 
plated at -950 mV vs. SCE and then sinply withdrawn from solution and dried 
without rinsing; it is referred to as the "lead chloride" sanple. 


2. felecfcrochemlcal Characterl 2 atlQn 

Initial steady^-state voltattnograind of laad oxidat ion/.reduction were 
recorded for the six felts tested. An example is presented in Figures 54 
and 55; the voltamtogram obtained on the "control" felt is presented in the 
first figure^ followed by the oorrespondii^ data on the sanple intended for 
microanalysis. The voltansnograms were geierally typic' " in magnitude and 
form# of data obtained from similar electrodes in earlier testing. In 
particulaTf with the exc^ion of the pH 5 felt, the voltammograms of elec- 
trode pedrs match almost exactly, suggesting that the b^»vior of ccmtrol 
felts would be representative of the condition of the felts held for 
analysis, which were treated in exactly the same manner. Although peaks 
obtained on the pH 5 control felt were large by comparison^ the variation 
falls within limits of r^roducibility previously observed on similar feltr. 
For ease of ccxifxarison, the integrated peak areas for all comparable data <xi 
p0[-oontrolled felts, discussed in Section V-C above, have been presaited 
together with the results of this study in Table XV. 

Control felts were then held at -950 mV for five minutes, generating 
hydrogen gas to expel some of the lead solution from the felt. The elec- 
trode was then r«noved from potentiostatic control By switching to open 
circuit. IheSe steps were intended both to simulate drying and removal of 
the eleetrode, and to ev«itually facilitate actual drying by providing a 
means to remove scmie of the liquid. We had hc^)ed to obtain# by nc»ir rigorous 
methods, an indication of how drying in a non-oxidizing atmosphere might 
affect the subsequent performance of the electrode. 


The results were encouraging. While holding at -950 mV the current 
remained nearly constant at -1.7 to -1.4 mA over five minutes, compared with 



a currant of about ~1*7 mk at -950 mV for the same felt during cycling 
(figure 54) • Similar results were obtained on all. three fel.ts* On open., 
circuit^ the potential quickly rose to about -530 mV in every case. 

When the potential was reapplied at -500 mVr the lead, which had ap- 
parently not been adversely a^ected, delated as «cpected; an example is 
Shown in Figure 56. Although the peak shapes are somet^iat distorted due to 
the lack of iR compensation, the charges in liable XV are consistent and 
fairly reascxiable. Allowing for the initial e^licatiori of pot&itlal, about 
80 mV more positive than the usual onset of £t> oxidation, the second set of 
peaks was unchanged from the first in each case. In acklition, voltantnograms 
obtained after the reintroduction of iR compensation were almost indi- 
stinguishable frcxn those d>tained before the interrupticxi in cycling, e.g. 
Figure 57. 

The results were diffec«it, however, the felts were tested in the 
same way after dryit^ and reimroersion. As shown in Figures 58-60, a pulse 
of cathodic current, rather than the anodic lead oxidation peak, was 
observed upon reapplication of pot^ial. Both anodic and cathodic peaks 
were observed in the next cycle, but the peaks were reduced in size and the 
hydrogen reduction current «caggerated. The electrodes ev^tually regained 
roost of their original performance characteristics (see Figure 61), with the 
exception of the pH 5 electrode, for which the peaks remained reduced in 
size. 

Since the dried felts had been reimmersed in a solution containing 
PbCl2, the cathodic pulse observed could result in plating of lead, 
obscuring the meaning of any subsequent lead oxidation observed. To 
eliminate this possibility, a third repetition of this electrode was 
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Aountedf waked» and lubjected to ejtactly the same tests given the three 
control feltSr except that the dried electrode was reiinmersed in a IN HCl 
soluticx) without’ i*bCl 2 . 

Ihe results were in every way typical of those obtained previously^ 
to the point of reinnersion of the dried felt. Since no PbCl 2 was added to 
the solution, the cathodic pulse observed upon applicaticm of controlled 
poteitial at -500 mV (Figure 62) may r^reseit reduction of some other lead 
con^und within the carbon felt structure. On the full sweep following 
ree^licatlon of the pot«itial, neither a cathodic rwr an anodic peak typi- 
cal of the Pb/tt)^'*’ redox reaction was ^hibited at the level of recording 
sensitivity used. The hydrogen evolutin rate is higher than before 
removal/drying, but in the conplete absence of lead, gold on carbon felt 
would normally exhibit a hydrogen evolution level mote than one order of 
magnitude higher; this strongly suggests the presence of a small amount of 
lead, which might have been detected by cyclic voltammetry at higher 
sensitivity. 

3. Electron Microscopy Results 

The samples were analyzed by transmission electron microscopy 
(T0O, scanning T^ (STEM), energy dispersive analysis by X-ray (EDM0 and 
X-ray dot mapping. 

For the Pb-on-Au electrodes, prepared by the controlled removal and 
drying process described above, TEM photographs of the carbon fiber surfaces 
reveal discrete particles of gold as found in previous studies (16). The 
micrographs are presented in Appoidix VI. Ihe particles and surfaces do not 
differ in any way from no-% sanples that wwld suggest lead particles or a 
coating. The same can be said of the STEM views of the fiber surfaces. 


discussed below. TTie two swl*s ptepaced from felts et a pceeatalysatl pH 
of 5 and 7 wete eery similar, with the pH 7 sample showln, somewhat finer 
particles. The -pH 9- sample showed very little evidence of gold on the 
carbon fibers esamined. STEM photographs of the pH 7 sample are shown In 
Figure S3 at a magnlficaWon of 6400X, and In Figure 64 at a magnification 
Of 25,00SX. Gold particle, appear as the larger bright spots In the photos, 
one of the particles, Indicated in Figure 64, was Identified as gold by H»X 
as Illustrated In Figure 69. The same figure shows that no lead was 
detectable by EDAX In the same area, nor anywhere on the fibers on any of 

these three sanples. Figure 66 shows three particles on the surface of the 

"pH 5" sample at a magnification of 25,000X. Of the two particles th 
Closest together, the brighter one to the left (Shown at 100,000x In. Figure 
67) was Identified by EDAX as gold (Figure 68), again with no evidence of 
lead, the other particle Is carbon. The third particle, upper right, was 
also Identified as gold. An Au X-ray dot map of the same region at 25,008X 
does not clearly distinguish the gold particles (Figure 69), however, at 
100,000x, as shown in Figure 70, the gold particle can be differentiated. 

Examination of other fibers from these s«i« sasples by EDAX failed to 
show gold or lead. A STEM photograph of a carbon fiber from the "pH 5" 
s»ple shown at 3200X In Figure 71 gives little evidence of particles. A Fb 
X-ray dot map of the same area, shown at 3200X In Figure 72, also does not 
reveal any discrete particles or differentiated areas. Similar photographs 
are shown for the "pH 7" sm,ple In Figures 73 and 74. These results seem to 
suggest a thin uniform layer of lead over the entire surface of the fibers, 

perhaps as a monolayer. 

Analysis of the "lead chloride" sample also Indicates that the lead Is 
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present in a uniform layer, as shown in the StBM photograph in Figure 75 and 
the corresponding Pb X-ray dot map In Figure 76. In addition, there are 
differentiated areas in the X-ray dot map (Figure 77) that can be correlated 
with visible structures in the corresponding STEM photogri^Jh (Figure 78), 
These structures are most likely PbCl2 <3eposits, making the lead concen- 
tration high enough on this sample to be detected by EDAX (Figure 7$). 

4. Observations ^ Carbon Fiber Surfaces 

During the course of the Pb/Au analytical work described above it 
was noted, that the carbon fiber surfaces s)K>wed a regular almost geometric 
pattern of very small particles or pits at magnifications greater than 
25,000X such as shown in Figure 64 and 66, In order to explore the nature 

of these structures, two uncatalysed samples were examinedt 1) a raw cfl r*r > n 

felt, and 2) a carbon felt subjected to the standard pretreatment in KOH, 
Examination of these samples at 25,000X «uid 100,000X suggests that the 

pattern may be etch pits produced by the KOH pretreatment; see Figures 80 - 
83. 
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Current (mA) 


Substrate: 

FMl-C-1/8 . 

Lot #051582/1700°C 
2 cmvside 
Pretroated 4SS KOH 
Catalyst: « 

12w 9 Au/cnr 
Aq./MeOH ^ 

NASA-I. 25°C 
Test: 

Maxed Clip Holder 
IN HCl, lnW PbCl2t N,. R.T. 
Lin. Pot. Sweep 
10 mV/s6c 



H'*’ Reduction 
on Pb/Au 


Figure 


Potential vs. SCE (mV, iR Corrected) 

Steady-State Pb/Pb^‘*‘ Vol tammoqram before Removal and 
Drvuig of Electrode (pH7 felt; Control Sample). 


Cathodic I Anodic 





Current 



Potential vs. SCE (mV, IR corrected) 

Figure 55. Steady-State Pb/Pb^*‘ Vo1tanimoqram before Rer.oval and 
Drying of electrode (pH7 Felt; SEM Sample). 
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TABLE XV Cha 

>>no<t Recorded for 

Ph Oxidation and Pb^ 

Reduction 



(inte()rate(J rear \r ea_si. 

Charqe (mcoul) 


pH5 Felt 

Anodic Cathodic* 

pH7 Felt 

Anodic Cathodl^ 

oH9-Felt 

Anodic Cathodic^ 

Previous Data 

172 


113 


237 



178 


138 


202 


2 

113 

126 

213 

321 

121 

202 

Electrodes for SEM 

69 

81 

74 

97 

100 

143 

Control Electrodes: 







Initial Steady State 

202 

236 

103 

111 

95 

130 

1st Peak After Hol^^^ 

348 

— 

115 

— 

136 


(2) 

Next Comp. Cycle' 

357 

293 

138 

126 

160 

220 

Steady State After 

243 

266 

111 

142 

103 

132 

Hold 







1st Comp. Cycle 



N.A. 

N.A. 

55 

560 

After DryI2) 







Steady State After 

48 

194 

134 

126 

108 

96 

Dry 








Includes H'*’ Reduction 
No 1R Compensation 
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Current (mA) 



Fiqure 56. 


Potential vs. SCE (inV) 

Pb/Ph‘- Vol tainmoqraiiis after 5 
at -1-50 inV vs. SCE (pH7 Felt). 


iinnute 


1 J 
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tr 


a 



Potential vs. SCE (mV, 1R Lompensated) 

Fiuure 57. Steady-State Pb/Pb*" Vol tainmcrain after 5 Minute Hold 
^ at -95U mV vs. SCE (pH7 Felt). 


” 
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Current (mA) 



Potential vs. SCE (mV) 

£iiLure_^. Pb/Pb'^ Volt ammo grams Immediately After Reimmersion 
of Dried Electroded (pilG felt). 




Cathodic Anodic 



Current (niA) 


Substrate: 

FMI-C-l/8 

Ut #051582/1700®C 
2 cmvside 
Pretreated 45S KOH 
Catalyst: . 

12ug Au/cnr 
Ad./MeOH - 
NASA-I* 25°C 
Test: 

Waxed Clip Holder 
IN HC1» taiM PbClw* Ng» R.T. 
Lin. Pot. Sweep 
10 mV/s6c 


'Potential Applied 


*Note : Next Cycle not 

Recorded for this 
Sample. 


Potential vs. SCE (mV) 

94 . it 

Pb/Pb** Voltammogram Immediately after Reinv.ersion 
of Dried Electrode (pH7 Felt). 
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Cathodic Anodic 




Current (niA) 



800 -400 0 


Potential vs. SCE (mV) 

• 2 + 

Figure 6 0. Pb/Pb Vo 1 tainmo grams Immediately after Reimmersion 
of Dried Electrode (pH9 Felt). 
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Cathodic Anodic 






Current (mA) 


Substrate: 

FHI-C-l/a _ 
Lot i051582/1700^C 
2 cmvslde 
Pretreated 4SX KOH 
Catalyst: « 

12u9 Au/cnr 
Ao./MeOH „ 

NASA-I* 25°C 
Test: 

Waxed Clip Holder 
IN HCi; R.T. 
Lin* Pot.^Sweep 
10 mV/sec 


H'*' Reduction 
(Next Cycle) 


— Potential Applied 
at -500 mV 
(Sweeping Positive) 


Potential vs. SCE (mV) 

ure_62. Voltanimograms Recorded after Reimmersion of Dried 
Electrode in 1 N HCI with no PbCK, 
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Figure 63. STEM Photograph of Carbon Fiber Surface 
("pH S" Pb/Au sample) showing Gold Particles- 
( bright spots); X6400. 




Figure -64. Same View as Figure 63 at 25.000X 
The Particle Indicated Was Identified as Gold 
by EDAX (see Figure 65). 



13-APR-63 16i 03i 06 

RATEi CPS TIME 100LSEC 

00-20KEVi 10EV/CH PRSTi 100LSEC 

Ai H-ZZ-K Bt 

PS“ ° MEMi A FS“ 50 



CURSOR <KEV)-10. 110 EDAX 

PBLA BKG AULA 56CPS 


Figure 65 . Energy Dispersive Analysis by X-ray 
of Particle shown in Figure 64. 



ORIGINAL PAGE 10 
OF POOR O'JALItY 


Figure 66. STEM Photograph of Carbon Fiber 
Surface ("pH 7" Pb/Au sample) showing Gold 
Particles (center particle is carbon); X25*000 



Figure 67. Same View as Figure 66 at 100,000X. 

The Large Bright Particle was Identified as Gold by 
EDAX (see Figure 68). 
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13“APR-83 J2i 48t S3 
f^ATEi CP^ TIME 

00-20KEVt 10EV/CH PRSTt 
At 0— 7— C 0, 

PS” 792 MEMi A FS' 



CURSOR CKEV3 - 1 0. 1 1 0 

AULA 



EDAX 

205GPS 


nauriM. energy Dispersj.e Analysis by X-ray 
of Pan cle Shown in Figure 67. 
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Figure 69. Gold X-ray Dot Map at 25,000X Magnifi- 
cation of the Same Area shown in Figure 66. 


Figure 70. Gold X-ray Dot Map at 100, OOOX Magnifi- 
cation of the same Approximate Area shown in 
Figure 67. Note differentiation over Gold Particle. 
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Figure 73. STEM Photograph of Carbon Fibers 
C'pH 7" Pb/Au Sample); 3200X. 



Figure 74. Pb X-ray Dot Map of the Carbon Fibers 
shown in Figure 73; 3200X. 
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Figure 75. STEM Photograph of Carbon Fibers 
C'PbClg" No-Gold Sample); 6400X. 



Figure 76. Pb X-ray Dot Map Corresponding to 
Carbon Fibers in Figure 75; 6400X. 
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ORIGINAL PMiE IS 
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\ 


Figure 77. Pb X-ray Dot Map of Carbon Fiber 
("PbCl." No-Gold Sample); 1600X. 


Figure 78. STEM Photograph of the Carbon Fiber 
shown in Figure 77. Note differentiation in Dot 
Map corresponding to Deposits of PbCl 2 in Flutes of 
Fiber (see EDAX Figure 79). 
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10. 59. 03 


RATE. 

CPS TIME 

3082LSEC 

00-20KEV. 
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OFF 
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B. 


FS- 5018 MEM. A 

FS- 200 

100 102 104 

I0Q 108 110 112 

11.4 116 118 


IVJ 


c 

F C P 


L 

E U 8 


CURSOR 

<KEV) -09. 760 

EDAX 


PBLA 

1 ICPS 

Hi 

lure 79. Energy Dispersive Analysis bv X-rav 
of PbCl Deposits on Carbon Fiber 
shown in Figure 78. 
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PlQUffi 82. Uncdtdiyzdd Cdrbof) Fiber after stAnH;irH 

(Notr^^tch^Dits"^^ Potassium Hydraxidej STEM 26.00 
^Note ^tcn pits ; reference Figure 64). 
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F. rnnr.iuaic«ia flod BfSrffliwisndat i oii a 

At . the. completion of this stody it was concluded that 1) there are 

taetots influencina the <)old eattlyzetlon ptoeess thet v»t« not detewdned 
ot suttlciently conttoUed for closely pcedlctable tesults in tense of pold 
particle size ot petfotsance, 2) the cyclic yoltannetry testing methods ate 
only suitable fot qualitative analysis and btoad distinctions in 
petfotmance; the tesults may be best intetpteted on a statistical basis ovet 
,M„y samples fot the ptesent state of teflnement in cyclic voltammetty, 
electtode ptepatatlon and handling, and 3) the lead component of the 
catalyst system appeats to be deposited as a thin unifotm layer ovet the 
entire carbon surface, rather than concentrated on the gold or in discrete 
particles, additional analysis (e.g. by Auger spectroscopy) would be needed 
to confirm this, however. 

The recommended catalyzation procedure is the standard procedure 
developed at NASA-LeRC (8). Some boundary conditions and additional 
ocrntrolB have been defined as outlined below: 

2 

T^Artat 10 - 15 itticrograne ^old/cm 

pr^J^»Jllvgat^on Treatment 

10 - 40% KOH (depending on solution-to-felt volume ratio) 

80 - 90® C for aflorox. 1 hour# rinse to pH 6 - 8 

pror»«»aivzatiQn State 

t)aitt> dried after pH 7 soak 
r«:;alV2ati{m 

Solvent/Wetting Agent 
Water 'Methanol 1:3 
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vt. mBsm.op taam CBoes-msa^ 

A*_,fiffficta q£ Itt thfi Negative Electtode So l ut iaa 

1. TiSrportmental frrocedmfi 

The carbon felt processed at 1650®c was chosen for this study 
because it perfontied reasonably well in cyclic voltammetry and exhibited no 
unusual characteristics. Furthermore, its graphitization temperature is 
similar to that of felts studied extensively in the last program (Ref. 16; 
Lots 071379 and 122380). 

The underlying characteristics of the catalyzed felt were first 
established by the usual cyclic voltammetry in IN HCl, and IN HCl with 1 mM 
Pb. Ferrous chloride was then added to the solution in increments and 
dissolved, followed in each case by cyclic voltarametric testing. The con- 
centration of iron was changed from 50 mM, to 100 mM, to 250 mM and finally 
to 500 mM Itolar (in the actual redox battery, this amount of crossover would 
be achieved only by total intermixing of the two reactant solutions). The 
objective was to determine whether H 2 evolution and/or Ib plating/deplating 
would be affected by the presence of ferrous ion at various concentrations. 

This procedure was repeated after the addition of chromium to the 1 mM 
Pb solution. A concentration of 50 mM rather tbsn 0.5 M Cr3+ was chosen so 
as not to obscure characteristic redox features, particularly the level of 
reduction current associated witti the evolution of hydrogen. Note that the 
final iron concentration represents a ten-fold excess of the cross species. 

In both tests, the half cell was cycled continuously over an extended 
period (several hours) after the final addition of iron. Voltanroograms were 
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recorded ^riodically and con^red to determine if the ferrous ion would 
produce any gradual or cumulative effects. 

T?he same procedure was followed for the reactcmt crossover. studiesr 
with subseguent additions of PeCl2.4H20 (also *teer Analysed? Reagent) to 
produce iron concentrations of 50, 100, 250, and 500 mM. Testing was 
conducted after each addition. 

Both crossover studies were extended, at the 0.5 M iron level, by 
allowing cycling to continue, fully coit 5 >ensated for iR, for as long as 
practicable after the final iron addition; four hours in case of iron in 
1 mH Pb, Somewhat over two hours for iron in 50 mM Cr with Pb* Voltane* 
mograins were taken at <x)e~hour intervals for cotnparison. 

2. Results 

The effects of increasing Pe2+ in the negative electrode 
solution are shown first for a blank solution (i.e. PbCl 2 in HCl but no 
Cr^”*! in Figure 84. As the ccxic^tration was Increased frott 0.0 to 500 mM, 
redox reaction was lifted to increasingly more negative potentials. 
The Pb <»idation peak also assumed a different shape, with a dioulder on the 
trailing side becoming more pronounced with increasing Fe^'*' concentration. 
Hydrogen evolution increased very slightly at the 500 mM Pe2+ level. 

The cumulative effects on extended cycling at the 500 mM Pe2+ level are 
shown in figure 85 up to 4 hours or about 72 cycles. It can be seen that 
the Pb^Vpb redox reaction shifts back slightly in the positive direction 
with increasing q^eling time, and H 2 evolution decreases sli^itly. 

•rtie effects of Increasing Pe^*** in the negative electrode solution are 
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shown in figure 86. As the concentration was indreased from 0.0 to SOO mM, 
the Cr^VCr^"*” redox reaction was ..shifted to slightly more negative 
potentials and the total quantity of chromium reacted increased. In 
addition H 2 evolution decreased with increasing Pe^**" conc^ration. 

The cumulative effects on extended cycling at 500 mM Pe^’’' level are 
shown in figure 87 up to 2 hours or about 36 cycles. It can be seen that 
there is little change in the Cr^VCr^'*' redox reaction over that time period 
and H 2 evolution increased very slightly, (ifote: the additional peaks in 

the 0.0 to -300 mV region appear to be impurities introduced into the 

solution, with the PeCl2*^ 

In general/ there were a number of small changes in redox potentials 
and peak shapes and sizes/ but no indications of a significant increase in j 

the rate of H 2 evolution attributable, ta the.presence of Pe2+ in chromium 
solutions, there iS/ if anything/ a slight beneficial effect/ perhaps due 
to a shifting of the chromic ion equilibrium to favor the electrochemical ly 

active monodulorqpeitaaquo species. 

B. Effects of Cr3» in the EDsitigs Electrode galution 
1. libqpertfiiental Procedute 

A 1650^ c&t\xxi felt was used for these crossover tests also. | 

Since no special activation procedures are necessary for electrocatalysis of , j 

the Pe^VPe^'*’ redox reaction/ the felt was merely cleaned in KOH before use. 

Perric ©hloride was used in preference to ferrous chloride to avoid any , 

problens that might arise with air sensitivity, especially during extended , 

j 

cycling. ^ 
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The lower end-of the sweep was set at 0.0 V vs. SCE for the positive 
electrode region In order to overlap the. upper end of the negative electrode 
region; the upper end of the sweep for the positive electrode region was set 

at 1.0 V vs. SCB to avoid the onset of oxidation reactions observed at 
higher potentials. 

•me cyclic voltaainogram of Pe3+ in HCl is particularly dinple. there 
was no evidaice under our ^tperimental omditions of any reaction other than 
the Pe^ VPe2+ redox reaction over the range of 0.0 V to 1.0 V vs. SCE. The 
effect of Cr^”*" on the Pe^VEe^*** reaction was tested both in a "Cr^'*' first" 
and a Pe first" mode. In the former method successive guemtities of 


CrCl3.6H20 were added to HCl, and cyclic voltamitograms in the potential 
region of the Pe3+/Pe2+ reaction were obtained after each -addition. The 
purpose was to check for any reactivity of impurities introduced . with 
CrCl3.6H20. After the Cr2+ concentration had reached 0.5 M, PeCl3.6fi20 
was added to make the solution 50 mM Pe3+, the cyclic voltamroogram of 
Fe /Pe2 was th«i recorded. Extended cycling was conducted at this point 
to find any changes of reactivity with cycling time. The "Pe^^ first" 
experiment was performed to determine the initial Pe2+/Pe2+ redox charac- 
teristics without any possible interference from Cr^^. The increments of 


Cr added were id«itlcal to the "Cr^”*” first" experinent. Extended cycling 
was once again conducted after all additions of reagents were completed, 
ae concentration of Pe^^ was held to 50 mM to stay within the limits of the 
test equipment and for greater sensitivity to the potential effects of Cr^*^ 
on the Pe2+/Pe2+ reaction. 


i 


i 


1 
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the potential ran^e for these experiments was 0 to 1.0 v (SCE)# using a 
triangular waveform at a scan rate of 10 mV/s. 

For the ‘'Pe^'*’ first" experiment the concentrations obtain^ by 
eniocessive additions were, in the sequ^ce teStedt 

a. IN HCl 

b. $0 n#f Pe^ *-, IN Ha 

c. 50 nfl Pe^+, 50 m Cr^^ IN HCl 

d. 50 nM Pe3+, 100 m Ct^*, IN HCl 

e. 50 jpM Pe^’*’, 250 nM Cr^'*’, IN HCl 

f. 50 nM Pe^+, 500 mM Cr^'*’, IN HCl. 

The source of Pe^”^ was PeCl3.6H20 and the source of Ct^**" was CrCl3.6H20. 
Extended cycling was conducted for 231 minutes, equal to about 70 cycles 
(200 sec/cycle), with voltaramograms recorded at times 0, 53, 139 and 227 
minutes. The cell was sealed and allowed to^t quiescent overnight (14 
hours) before resuming cycling for an additional 189 minutes. Voltanniograms 
were recorded at tiroes Or 17, 83 and 189 minutes (57 cycles). 

Por the "Cr^'*’ first" experiment the concentrations obtained by 
successive additions were, in the sequaice tested: 

a. 50 niM Cr^'*', IN HCl 

b. -100 mM Cr^"*", In HCl 

c. 250 nM Cr^”**, IN HCl 

d. 500 nM Cr^+, IN HCl 

e. 500 nM Cr^**", 50 nM Pe^"*", IN HCl. 

Extended cycling was conduoted for 316 minutes, equal to about 95 cycles, 
with voltamnograros recorded at times 0, 60, 102 and 316 minutes. 



2. Results 

a) Reactivity oa Carbon Pelt la Positive Electrode Befllffll la 

HCl only. 

Figure 88 shows the voltanroogram for carbon felt in IN HCl — 
in the positive electrode region (0.0 to 1.0 V vs. SCE), together with other 
voltanmograms. It can be seen that there are no significant reactions 
apparent in this region the abs^ice of chronlum and iron. 

b) Reactivity la Positive Electrode figgioa After Addition Of. 


CtCl3^ 

The effect of adding Cr^'*’ in increasing amounts to the IN 
HCl solution is shown in Figure 89, along with other voltaninograros. Again, 
the voltammogram lies on the zero-current line from 0.0 to 1.0 V vb. SCE, 
the Cr^*^ conceitrations from 50 mH to 500 mH; this indicates that no reae- 
tive inpurities were introduced with the bromic diloride. 

c) Effects of. oa the Pe^'VPe^'*' Redox Reactifxi 

In the Pirst"" experiment, a voltammogram for the 

Pe^VPe^'*' redox reaction was detained in 50 mM PeCl 3 /lN HCl before adding 


any CrCl 3 to the solution; subsequoitly, CrCl 3 was added incremmitally to 
record voltammograms at 50, 100, 250 and 500 mM Cr^"*". These are shown 
together in Pigure 88. The effect of added Cr^"*" is to increasingly duress 
the level of the Pe^VPe^*'’ redox reaction. 

With extended cycling at the 500 mM Cr^'*' level, shown in Pigure 90, the 
voltammograms retained constant for 68 cycles. The system was then allowed 
to stand on circuit uncter nitrogei overnight; on continued cycling the 
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next day there apE^ared to be a gradual slight shift towards the original 
higter Pe^VPe^'*' redox currents. 

In the "Cr^'*’ Pirst” experiment r CrCl 3 was added in increments up to a.... 
concentration of 500 mH before adding PeCl 3 . As indicated in paragraph h 
abover no reactivity was observed before the addition of PeCl 3 . After, the 
addition of 50 roH PeCl 3 r a voltammogram for the Pe^VPe^'*’ reaction was 
obtained, as shown in Pigure 89. which grew on extended cycling toward 
higher current peaks (95 cycles accumulated). 

Compared to the results obtained for the negative electrode, it appears 
that there may be more interference from Gr^'*' crossover to the positive 
electrode than from Pe^”*" crossover to the negative electrode, perhaps by 
increasing the chloride complexation of the ferric ion. These general 
conclusions are suE^rted by the encouraging results obtained in full cell 
t^ing with mixed reactants at NASA-LeRC (11). 
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VII. <» Iianm MW CB ti««t w*» 

Ihe putpoM of vatyinst the acidity we to deuradne by halfroell tests 
hoe »uch vatiatlon in el«*tod«lcal petfomanc. oeeute with vatlatlon In „ 
acidity. The atat«.ent of votR for this ta.R called for equilibration of 
solutions for at least one nonth before oonductlnq voiwsmetrlo tests. Wth 
the approval of the contract monitor, it was decided that it vould only be 
necessary to- equilibrate the CtClj solutions, the feClj and FeClj solutions 
oould be freshly -«d. before testing. Ihe rationale for this decUlon -as 
that CtCl*'*' Is a Kinetlcally inert ooopler -hile PeCl*'*' and feCl ate rather 

lM,ile. rnehalfllfeof»,u.tlonofCrCl2* to yield he»aa<,»^t<»lm. (1«> 

is reported to be approxtotely 700 hours (22). The half-life of aquation 
of Pecl2* is approximately OJ sec and that of reCl+ is probably even 

i^ortet (23). 

A. Bffects on the taaltlm Elagtiaae Beactlgia 

1. F*porimetltal 

The only eleottode material used in these tests was RCB-cleaned 
1650«C carbon felt, which has been found to be suitable for battery 
operation In the previously studied «ddlty range of 1^ to 2.0N HCl. The 
were mounted In the waxed-clip holder as described earlier. The ten 

soluticms studied t«»ere as follows: 

<1) 50 irM PflCl3P O.IN HCle 

(2) 50 nH PSCI3# 0.5M HCl. 

(3) 50 m PeCl3» l.ON HCl. 

(4) 50 nil PeCl 3 P 2. ON ICl. 

(5) 50 nil PeCl 3 , 4.0N HCl. 

(6) 50 im PeCl2» 0. IN HCl. 


(7) 50 rnM PeCl 2 f 0.5N HCl. 

(8) 50 inM PeClj, l.ONHCl. 

(9) 50 irM PeClj, 2.0M HCl.- . 

(10) 50 wM PeClj, 4. ON HCl* 

Cyclic voltaiwnograihs-were run from 0.0 V to 1.0 V (SCB). Under these 
conditions CI 2 evolution was avoided even in 4.0N HCl and the only experi- 
mentally observable Paradaic reactions were the oxidation of Pe^'*' and the 
reduction of Pe^**". 

Oilorine evolution is only possible at somewhat higher potentials. Ihe 
equilibrium potential (xi the standard hydrogei electrode scale is 
Eq » 1^59 + 0J)295 log pCl - 0^029 log [Cll^. 

The standard potential of the Pe^VPe2+ redox reaction is 770 mv (SHE), and 
the effect of chloride is to lower the electro^ potoitial somewhat. There- 
fore under normal battery operating conditions .CI 2 evolution (at least, as It 
is experimentally accessible in half-cell) is not expected. Under unusual 
conditions such as overcharge, CI 2 evolution may play a role, but this was 
not investigated. 

For reasons that were not determined, it was not possible to s^ tiie iR 
correction for these experiments in the usual manner. Topically, electronic 
iR conpensatlon was increased until an oscillation point is reached. Then 
the iR compensation level was reduced very slightly. However, for these 
acldity^fect experiments an unusual level of IR compensation was necessary 
to reach the oscillation point. If the setting was then slightly reduced, 
oscillation still continued. 7 was necessary to greatly d<fi> 4n<ah the iR 
oonpensatlon to halt the oscillation. What was done in practice was to go 
through the process of setting the iR condensation twice. 


2. fteaultfl 

^clic ,ypltainmogra!te showing the effect of acidity on the 
pe^VPe^'*’ reaction , are presented in Appendix VII (Figures vil-1 to vil-10). 
Ihble XVI gives peak separations, and formal potentials as a function of HCl 
concentration, Table XVII lists anodic and cathodic Charges as a function of 
HCl concentration. 

Some of the results for Pe^+ electrolyte could be indicative of 
Increasing reversibility of Pe3+/Pe2+ redox reaction with increasing HCl 
concentration, because as the HCl concentration was changed from 0.1N to 
4.0N the ^ak separation decreased continuously from 342 to 83 mV. The 
fomal potentials, decreased continuously from 509 mV (SC© for oaN 

HCl to 417 mV (SC© for 4.0N HCl. This probably reflects greater 
complexation by chloride of Pe^*^ compared to Pe^+. The QgPe2+ value 
decreased continuously . jin. t*e same HCl range from 4000 iC to 2785 nC, vdiile . 
(^Pe^’*’ decreased from 4490 mC to 2880 mG. The OcPe^'*’ value was always 
greater than as expected from previous work. The value 

exceeded Q^Pe^’’' (3190 mC, theoretical) by about 25% in one instance. This 
m£V reflect expansion of the felt in solution. The results for Pe elec- 
trolyte ate mote difficult to Interptet than those fot Pe^^ electrolyte. 

B, Effects an the Mecativa SlfiCtrodfi React l rtl ft 

Pot battery operation a high Cr^'*’ concentration (such as 1 M) is 
needed, for voltawnetric testing a low Cr^^ concentration (such as 50 mM) is 
desirable. Bguilibration of a 50 mM Cr^'*’ solution, however, might not yield 
the same percentage of chromium (III) hexaaquo and chromium (III) chloro 
oonplaxes as equilibration of 1 H solution. Therefore, both concentra- 
tion levels at the five different acidities were prepared. The 1 M solu- 
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tiona ware. to. be diluted to 50 inH CCCI3 with acidified diluent at the time 
of testing. The time required. for. diluting and testing is short enough so 
that no significant change could occur in coA^lex speciation. The ten 
following solutions* . therefore# were pr^red and set aside for equi libra- 
tiom 

(1) 100 ml of IM CrCl3* O.IK RCl . 

(2) 100 ml of IN Cra3* 0.5M RQ 

(3) 100 ml Of IN CrCl3* 2.0N RCl 

(4) 100 ml Of IN CrCl3* 2.0M RCl 

(5) 100 ml of IN CrQ3, 4.0N Ra 

(6) 1000 ml of 50 nN CrCl3* O.lN RCl 

(7) 1000 ml of 50 nN Cra3* 0«5N HQ 

(8) 1000 ml of 50 nN Cra3* l.ON RCl 

(9) 1000 ml of 5O.mH.Cra3* 2. ON RCl 

(10) 1000 ml of 50 nN Cta3* 4.0N RCl. 

After approximately six months of closed storage* the 1 N solutions 
were diluted to 50 mN and the colors compared to the original 50 mN solu- 
tions. The qualitative observations are summarized belowt 
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aetditv pevel 

Cgnfientratim 

Qplpr 

4N 

so m 
im«-»50 m 

Green-gray 

Green 

2N 

so mM 

IHMiwSO WM 

Violet-gray 

Green-gray 

IN 

SO mM 
IM •-•SO nil 

Violet 

Violet-green 

0.5N 

SO iiH 
. IM-^SO «« 

Violet 

Violet-green 

O.lN 

SO nH 
IM^SO AH 

Violet 

violet 


The violet color Is indicative of the conversion to the Cc(IIl) hexaaquo 
oonc>lex. It Was apparerit that the diluted saitples (50 inM Ct^^) experienced 
a greater degree of conversioft to the Cr(IIl) hexaaquo coinplex than the 
concentrated samples (IM Cr3+)> for this reason the 50 n»M samples were 
chosen for testing. There was also more conversion at the lower acidity 
levels; this was reflected in the electrochemical performance in these 
solutions as discutised below. 

Cyclic voltannietry was performed in each solution# using a fresh elec- 
trode in each case (from a 1650°C felt. Double Inttersion preparation) and 
ImM PbCl 2 . The voltanittograms are shown in Appaidlx VII (Wgures AVll-11 to 
^Vll-15). Performance drqpped to a lower level at lower acid axicentrations 
(and increasing Cr(III) hexaaquo concentration). Below 4 N HCl, lead 
deposition dominates the cathodic wave. Anodic peak currents are as 

follows: 

HQl 2H IH 

la(mW 65 22 24 26 30 

A qualitative conclusion is that higher concentrations of CrCl 3 and HCl 
will retard conversion to the Cr(IlI) hexaaquo conplex to some extent. 
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TABLE XVI 


Peak ^pna ration For Fe^'*’/Fe^^ Redox Reaction 
As s 


Solution 

Composition 



^ redox 
(mV) 


50 mM Fe^"^. O.IN HCl 

342 

50 mM Fe^'^, 0.5N HCl 

292 

50 mM Fe3+, l.ON HCl 

229 

50 m Fe^^, 2. ON HCl 

125 

50 mM Fe^^, 4. ON HCl 

83 

50 mM Fe2+, O.IN HCl 

445 

50 mM Fe2+, 0.5N HCl 

291 

50 mM Fe2+. l.ON HCl 

120 

50 mM Fe2’*',.Zj0iNJUCl 

87 


50 mM Fe^‘*‘, 4. ON HCl 


509 

466 

450 

438 

417 

528 

458 

468 


45 


452 

421 


TABLE XVII 

Reduction artd Oxidation Charcj es 
As d Function ’6T ¥C1 Cohceritratlon 


Solution 

Coniposltlon 


so 

mfl 

Fe3^ 

O.IN 

HCl 

3999 

4489 

50 

mM 

Fe3+, 

0.5N 

HCl 

3354 

3586 

50 

mM 

Fe3+. 

l.ON 

HCl 

3290 

3444 

50 

ifM 

Fe3+. 

2, OH 

HCl 

2967 

3109 

50 

ntfl 

Fe3+. 

4. ON 

HCl 

2786 

2877 

50 

mM 

Fe2+, 

O.IN 

HCl 

2325 

2045 

50 

mM 

Fe2+, 

0.5N 

HCl 

3483 

2786 

50 

mM 

Fe2+. 

l.ON 

HCl 

4360 

3857 

50 

mM 

Fe2^. 

2.0N 

HCl 

4889 

4231 

50 

mM 

Fe2^ 

4. ON 

HCl 

4334 

3560 


Theoretical quantity of reactant, Q^, is equal to 3190 mcoul 
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Vin. ftMI^RKfORB obpbixmz 

The objective of thla task waa to ascertain the effects of tenfwta- 
ture (25® - 65®C) on the iron/ chromium redox teactiona ov-er the reactant 
concentration range of 1.0, 1.5 and 2.0 M. The usual 50 mN concentration 

waa included here for iron solutions as a reference point to earlier 
studies. 

Ihe typical cyclic voltammetry methods used in this program (Section 
ID were not entirely suitable for this study. There was the physical 
problem of the softening of the wax (used to define the electrode, area and 
to Isolate the contact region on the carbon felt), at higher temperatures, 
and generation of a film on the surface of the solution. Ihere were also a 
number of instrumentation problems: at the higher reactant concentrations, 
the instrument limits were quickly exceeded necessltaUng a large reduction 
in swe<^ rate, and iR-comp«isation was more difficult. 

In addition, one of the principal reasons for operating at elevated 
temperature is to shift the chromium compler equilibrium from the less 
active hexaaquo species to the more active monochloropentaaquo species. 
Since the conversi<m to the hexaaquo dircxnium species occurs slowly (22), 
the effects are not generally observed in short-term cyclic voltaranetry 
with fresh soluti<xis. Temperature effects, in general, have been a<Vir«»i? Bed 
more directly and effectively in full cell testing at NASA-LeRC (1,10,11). 

A. PoaltlYfi Electrode Studies. 

1. fikperimental Procedures. 

Samples of 1700®c fe2t (Lot 051482) were soaked in methanol, 
rinsed, and cleaned in 45% potassium hydroxide at 90®C for two hours. For 
the Pe^Vre^**" reaction, no catalyzation is required. 
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strips of fslt wets poimtsd anS waxed as usual for testing by cyclic 
voltasnetry in the halt cell. The first of these tasts was ccnducted in a 
«,l»tton of 0^50 M Pscij in W H.IICI at 25«C. Tha Pe’VPe^ reaction was 
examined with a linear potential sweep.gyet the tange of 0 to +1.000 wojt 
versus 8CB. The sweep raU was 10 mV/sec for the 0J50 M iron solution. 

Potential was first applied neat +1.0 volt, before the onset of Pe*+ 
ceduCrion. Oonpensation for IR was added after one cycle. A voltasmogtasi 
was than recorded after allowing several cycles for egullibratlon. ThU 
procedure was repeated at 4SOc, 55<>C and 65°C, using the original felt 
electrode and 0X50 H iron solution. The series of tests at foot tempera- 
tures was completed in a single day to obviate any effects of thermal 

idling* 

in order to acaaiinodate the higher currents generated in concentrated 
iron soluti-onsp it was necessary to reduce the sweep rate* This was ac- . 
ooaplished through the use of a motor-driven slow-function generator with 
adjustable gear ratios. The actual sweep rate was determined by clocking 
the time required to produce a 1000 mV change in potential. A rate was 
further reduced to 0.88 mV/sec for the higher concentrations (13 M and 2.0 
M). Since the function generator was equipped with a ramp function only, 
the direction of sweep had to be reversed manually at the extremes of the 
potential range. Pot this reason, and also to save time, the range was 
often intentionally reduced and the endpoints therefore do nob correspond to 
0 and +1.0C0 volt. This in no way affects the rate of sweep, however, and 
all reactions of interest occur in the range of +0.200 V to +O.800 v. 

Otherwise, testing in concentrated iron solutions proceeded 
aubetantiSlly as described above for the 50 mM iron solution, voltonmograms 


were obtained at each of the four teniperatures in 1.0 M PeCl 3 in 1.0 N HCl, 
1.5 H FeCl 3 ^ ^*0 N HCl. Because of the slow 
sweep rateSf it was not possible to con^lete testing at all four tempera- 
tures within a single da^.. In such cases, the original felts and electro- 
lytes-were not- retained. Newly waxed felts and fresh solutions were put in 
place at the start of ea^ day. 

2. BBsults 

The voltammograms for the 50 inM FeCl 3 are presented in Figures 91 
throi^h 94. Ihe results are eqpproximately as e^>ected. The voltamnograms 
for the higher concaitrations are presented in i^^pendix VIII. With the slow 
sweep rates and high solute concentrations used in some of these experi- 
ments, an appreciable amom.c of ferric icxi in the bulk solution could dif- 
fuse to the surface of the felt during the redox reaction. This had the 
effect of increasing the charge passed during Fe^'*' reduction while 
decreasing the net oxidation charge. Thus the cathodic peak was generally 
several times larger them the anodic peak. Some of the ferrous ion gen- 
erated may also have diffused out of the felt. Also note the unusually 
large S€|>arati(m b^rweoi peak arx)dic and cattle curreits deserved in 50 mn 
PeCl 3 at 25®C (Figure 91). The reaction became more reversible as the 
temperature was raised. A similar phenomenon was net observed at higher 
iron concaitrations. 

Mheh comparing voltammograms obtained at different cono«)tfations of 
FeCl 3 , it is necessary to take into account the fact that the amount of 
charge r^resented by the area under a peak is dependent upon the sweep rate 
as well as the scale. Each square centimeter in Figures 91 through 94 
represents 0.200 Coulombs; in Figures AVIII-1 through AVlll-4 it is 2.78 
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Conilonbs/csi^i in Figureel AVIII-5 through AVIII-12 it is 5.68 Coulottbs/cm^. 

B. Beoativa Elsgtrode Studtea. 

1. Bcperiatental Proeedurea. 

Bangles of 1700^C (lot 051582) carbon felt were catalyzed ac> 
cording to the standa4:d NASA procedure (8) as modified below* Pelts pre*> 
viously cleaned in 45 percent potassium hydroxide were rinsed thoroughlyr 
Soaked in distilled water for 16 hours, then soaked for one and one half 
hours in water of pH 7 immediately before the damp-drying step prior to 
catalyzaticxu In addition, the catalyst soluti<m was warmed to 25% before 
being Applied to the damp-dried felt. The catalyzed felts were sealed in 
plastic bags and held at about 25% for sixteen hours, then dried and ^ed. 

Pelts were thefi mounted and waxed as usual aad tested' by cyclic voltam- 
metry in the half csell. The test soluticxis were 1.0N in SCI, 1 mH in R3Cl2r 
and 1.0 M, 1.5M or 2.0 M in CtCl 3 . Steady state iR-conpensated voltam- 
mograms Were obtained at temperatures of 25, 45, 55, and 65% at each 
ccmcentraticxi. 

In order to accommodate the high currents at these Concentrations, it 
was necessary to reduce the potential sweep rates in this study also, as 
discussed above. A rate of 0.885 mV/sec was initially diosen and used for 
the tests in 1.0 N CrCl 3 ; the rate was thereafter increased to between 1.72 
and 1.77 mV/sec. The exact sweep rate, calculated on the actual day of the 
etperimoit, is recorded cm eadi voltanmogram. 

hue to the slow sweep rate, the number of experiments that could be 
completed in a single day was generally limited to two. In every case, 
fresh soluticxis were prepared and new electrode sanples (cut frcmi the same 
pr^ration) were waxed and mounted at the start of each day. 


The VO Itanonog taros obtained as above are presented irt ^jpendi* 
VIII Figures AVIlI-13 through AVlll-24. When visually ocraparing peak areas, 
please note the followir^ charge factors; in Figures AVIII-13 througih 16, 
each square centimeter on the graph represents 5.65 coulombs; in Figures 
AVIII-17 and 18 the factor is 2.82 coul/cm^; in Figures AVlll-19 through 24 
the factor is 2.86 coul/cn^. 

As can be seen from the voltaroroograms, the results on the cathodic side 
were markedly different from those obtained in more dilute solutions of 
CrClj. Voltammograms obtained in 1.0 M CrClj all show a sharp spike in 
current at or near -670 mV vs. SCE, perhaps marking the onset of Pb 
reduct icai. The current declined thereafter, exhibiting a siallow minimum 
euid increasing somewhat at more negative potentials where reduction 
becomes significant. Ccntrary to previous experieice, a more normal rounded 
peak shape was exhibited only on the return sweep. With the exception of 
Figures AVIII-17 and 18, the remaining voltaramograns show a lc»^ steady rise 
in cathodic current with increasingly negative potential. The cathodic 
current came to a sharp maximum near -850 mV vs. SCE in 1.5 W CrCl 3 and 
around -700 mV vs. SCE in the 2.0 M CrCl 3 solutions. After a brief but 
sudden drop following the maximum, the current decreased slightly and 
remained nearly constant toward more negative potential. On the return 
sweep, the current remained nearly constant for a time, then followed the 
initial rise in cathodic current bark toward the anodic side. Similar 
behavior is observed in Figure A'*rill-17 except that the sharp maximum in 
cathodic current is lacking. The voltammogram in Figure AWIl-18 is alone 
in showing a rounded cathodic peak more typical of previous data. 


Except for a pronounced second peak in Figures AVIII"19 and 21^ the 
anodic curroit behavior was unrerarkable. 

The rather large discrepancy in the magnitude of the anodic and catho- 
dic charges can be explained by the comparatively long time allotted the 
(»;idation and reduction reactions (about 20 minutes each, versus less than 3 
minute in most previous data). During this time period, a significant 
amount of Cr^^ could diffuse into the felt and be reduced, contributing to 
the cathodic . Ciiarge. 
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IX. PEimmNC& IN S)r8!PB( HAnXARg 

The final task in this program was testing of an optimized electrode in 
system hardware, a 1/3 square foot (300 cm^) flow cell. , The_carbon felt 
chosen was -from the Phase II material processed at 1700®C (Lot 0514B2, 
Section I’*). The samples were pretreated in 45% KOH and the- negative elec- 
trode was catalyzed by the standard NASA procedure (8) with the added 
controls outlined in Section V-P. Specif ica-l ly, the felt was rinsed to 7 
before catalyzation and the catalyzation Was done at 25 ^, *Ihe mentorane was 
an Ionics (I»1L-AA5-LC. 

A 143 ai^ rebalance cell was used to n^asure hydrogel evolution. Hie. 
iron electrode was the same KOft pretreated carbon felt as used in the redox 
cell. The negative electrode was a Giner, Inc., Type 2450 hydrogen/acid 
(Pt/O electrode. In. the first two trial runs, an Icxiics CblL-AA5-LC ineitt- 
brane was used; it was observed that there was iron crossover to the 
hydrog^ electrode. At NASA— LePC, using a similar rebalance c^ll oraifigura— 
tion, it was also reported that platinum was migrating through the system 
resulting in aggravated hydrogen evolution at the chromium electrode on 
charge. For these reasons, for the 3rd and 4th runs Di:^p(mt Nafion nignbrane 
was used in the rd>alance cell. With this membrane, no iron discoloration 
of the product water was ever observed, and the membrane terniained clear. 

The system was set up with 3 pumps, 2 flowmeters and 2 reservoirs of 
solution (<Mie liter). Hie negative electrode ailution was 0.9 M CrCl 3 and 
10“^ M ^l 2 in 1 N HCl. Hie positive electrode solution was IJ. M FeCl 2 in 
IN HCl. The solution volume was 500 ml in each case (about 12 Ah). The 
solution was pumped through the cell at a rate of about 150 ml/minute on a 
full cycle. A third 2-channel bellows pump was used to pump the solutions 
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throu9h the tebalaitce cell and a sniall OCV cell at about 30 ml/inlnute. All 
of the runs were done at ambient ten^rature. 

For fast cyclingf the punt>s were turned off and the inlet ports to the 
redox flow cell were closed. The system was then set for automatic cydlin^ 
at 3 an^ on a 30 minute schedule, diargin^ in all cases was carried out at 
constant current until the cell voltage reached 1.3 Vt the system then 
shifted automatically to voltage control. Discharge was carried out at 
constant current to a cell voltage cut-off of about 0.2 V. 

A digital ooulometer was used to record amp-hour capacities; the meter 
could also be switcli^d to a higher sensitivity shunt across the r^lance 
cell to record hydrogen evolution rates. 

The first full cycle for Run # 3 is shown in Figure 9S. Appreciable 
t^rogen evolution was only observed in this first cycle; about 136 Ah was 
recorded with the rebalance cell. A polarization curve generally was 
recorded after about 50% discharge. The performance after 200 rapid cycles 
is shown in Figure 96. The cell was then discharged into reversal and 
subsequently charged and discharged to obtain a polarization curve. The 
three polarizaticm curves are shown in Figure 97. Similar curves are shown 
for Fun #4 in Figures 98 to 100. In all cases hydrogen evoluti<m rates were 
almost undetectable. 
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TABLE AI-II. PHASE 1 CHARACTERIZATION STUDY (SCOURED FELTS) 



TABLE AI-III. NASA-I VERSUS NASA-II CATALYZATION METHODS 
Suinnary of Electrochemical Features vs. Felt Processing Temperatures 





















































TABLE AI-IV. PHASE II CHARACTERIZATION STUDY 
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APPENDIX II. - 


EFFECTS OF PROCESS VARIATIONS ON GOLD CATALYZATION 
(SUPPLEMENTAL DATA) 



gure All 1 Transmission Electron Micrograph of 1500°C Felt Sample 

Double Immersion Method, 12 5ua Au/cm^ 
(90.000 X magnification; 1 mm = 11 nm)! * 
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ORIGINAL RAGE IS 
POOR QUALITY 



Figure AIl-3 


TEM Photograph of 15Q0°C Felt Sample Catalyzed by NASA- I I 
Method* 12.5iig Au/cm^. (90,000 X Magnification; 1 nin = 11 nm.) 


206 


r- 998 



p^a,.r« ATT u TEM PHotograph of 1800°C Felt Sample Catalyzed by Double 
Figure AII-4 J , 12.5„g s„/cm2. (90,000 X Magnification; 

1 mm = 11 nm. ) 
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Figure All-6 


TEM Photograph of 18Q0°C 
Method, 12.5yg Au/cm^. 


Felt Sample Catalyzed by NASA-II 
(90,000 X Magnification; 1 mm = U nm.) 
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^ Poor QUALrrv 



Subs^Pdt#6 * 

Carbon felt Lot 011882-16S0OC; Pretreatment 1 N KOH. 

Catalyzation: 

Target loading of 12.5ygAu/cm2 using aqueous/methanol solution. 

Gold chloride solution uted in exact volume for felt saturation. 
“49cm2 felt sample immersed in ’16 nil of solution 
-felt rotated in solution after 2 minutes. 

-sample transferred directly to plastic bag after 5 minutes, 
-removed from plastic bag after 16 hours, air dried for 1 hour, 
-oven dried at liooc for 2 hours. 

-baked at 270® for 2 hours. 
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ORIOINAL PACE tS 
OF POOR QUALITY 



Figure AllI-2 


Sample DVP-16; "Double Volume**. 16 Hours "Clo sed" Exposure 
^‘'carbon^^H Lot 011882-1650'>G; Pretreatment 1 N KOH 

^®Targef 1 oadi ng of 12 . 5y gAu/cm^us 1 ng aqueous /methanol solution. 

Gold chloride solution used in double volume for felt saturation- 
-49 cm^ felt sample immersed in 32 ml of solution. 

-felt rotated in solution after 2 minutes. t 4 . 

-sample transferred directly to plastic bag after 5 
-removed from plastic bag after 16 hours, air dried for 1 hour, 
-oven dried at llO^C for 2 hours. 

-baked at 270° for 2 hours. 





Figure Alli-3 Saitiple EVA-5Bu-:£xajc.f Volu me " , 5 Minutes “Open” Exposure. 

Substrate •• . 

Carbon felt Lot 011882-1650°C; Pretreatment 1 N KOH. 
Catalyzation: 

Target loading of 12.5pgAu/cm^using aqueous/methanol solution. 
Gold chloride solution used in exact volume for felt saturation. 
-49cm‘^ felt sample immersed i n T6 ml of solution. 

-felt rotated in solution after 2 minutes. 

-sample transferred directly to 110°C oven after 5 minutes 
-oven dried at 110°C for 2 hours. 

-baked at 270° for 2 hours. 




r-96?^ 


r-9C^ 


^ o 


Figure AIII-A Sample EVA 30B; "Exact Vo 1um»“. 30 Minutes "Open" Exoosure 
Substrate: 

Carbon felt Lot 011882-1650°C; Pretreatment 1 N KOH. 
Catalyzation: 

Target loading of 12.5ygAu/cm^ using aqueous/methanol solutic 

Gold chloride solution used in exact volume for felt saturati 
-49cm^ felt sample immersed in 16 ml of solution. 

-felt rotated in solution after 2 minutes. 

-sample transferred directly to llO^C oven after 30 minutes 
-oven dried at llO^C for 2 hours. 

-baked at 270*^ for 2 hours. 




AIII-5 Minutes ■■Q..n" 

CataWzatior^ 011882-1650“C; Pretreatment 1 N KOH. 

Tnr pt leading of 12.5iigAu/cfn^ using aqueous methanol solutinn 

vSlume fSr felt sa?ira^ 

-t ' od at 270° for 2 hours. 
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1 1 1-6 Sample EVA -180 ; “Exact Volume " ..180 Minutes "Open'' Exposure 
Substrate : ~ — c— — 

Carbon felt Lot 011882-1650°C; Pretreatment 1 N KOH. 
Catalyzation: 

Target loading of 12.5ygAu/cm^ using aqueous methanol solution 
Gold chloride solution used in exact volume fo" felt saturatio 
-49cm^ felt sample immersed in IS ml of solution. 

-felt rotated in solution after 2 minutes. 

-sample transferred directly to 110° oven after 180 minutes, 
-oven dried at 110° for 2 hours. 

-not baked at 270^0 . 




APPENDIX IV. - EFFECTS OF PRE-CATALYZATION STATE AND CATALYZATION TEMPERATURE 


























Flaure AIV-1. Gold Particles on Carbon Fiber-, 

Figure AIV Q,,,,,,^,,,tion oH of Felt ''* 

Catalyzed at ZS^C by NASA-I Method. 
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ORIGINAL RAGE IS 
OF POOR QUALITY 



Figure AIV-2. Gold Particles on Carbon Fiber; 

Precatalyzatio n pH of Felt was 5 » Sample B. 
Catalyzed at 25^c by NASA- I Method- 
(TEM 90.000X; 1 mm = 11 nm). 
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Fiqure AIV-3. Gold Particles on Carbon Fiber; 

Precatalyzation pH of Felt was 9 > Sample A. 
Catalyzed at 25®C by NASA-I Method* 

(TEM 90,OOOX; 1 mm = 11 nm) • 
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Figure AIV-4. Gold Particles on Carbon Fiber* 

Precatalyzation pH of Felt wa«:*Q » 

Urn yu.oooX; 1 mm = 11 nm). 
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Figure AIV-5. Gold Particles on Carbon Fiber; 

Precatalyzation pH of Felt wa s 7, Sample A. 
Catalyzed at 25°C by NASA-I Method. 

(TEH 90,nnoX; 1 mm 11 nm) . 

??2 


/f zf //-zJL 



ORlCKINAL li /.’.ij'i liij 

0C POOR riY 



Figure AIV-7. Gold Particles on Carbon Fiber; 

Precatalyzation pH of Felt was 7; 
Catalyzed at 0®C by NASA- I Method. 
(TEM 90,000X; 1 mm = 11 nm). 
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APPENDIX VI. -.J&TJUDY OP LEAD DISTRIBUTION ON ELECTRODES 

(SUPPLEMENTAL DATA) 



Figure AVI-1. Lead Plated Sample; Gold Particles on 
^ Carbon Fiber. Catalyzed from pH 5 Felt 

at 25°C by NASA- I Method. 

(TEM 90.000X; 1 mm = 11 nm). 
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Figure AVI-2. Lead Plated Sample; Gold Particles on 

Carbon Fiber. Catalyzed from pH 7 Felt 
at 25°C by NASA-I Method. 

(TEM 90,000X; 1 mm = 11 nm). 
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Figure AVI-3. 


Lead Plated Sample; Gold Particles on 
Carbon Fiber. Catalyzed from pH 9 Felt 
at 25°C by NASA- I Method. 

(TEM 90.000X; 1 mm = 11 nm). 
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Potential (mV vs. SCE) 


Figure A VII -1. Effect of Acidity Level: Fe^^ in O.IN HCl . 
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Figure A vl!-3. Effect of Acidity Level: Fe^'^ in l.ON HCl. 
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Current (mA) 



3 ^ 

Figure A VII-5. Effect of Acidity Level: Fe in 4. ON HCl 
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Current (mA) 



Substrate: 

FMI-C-I/fl 
Lot §11882/16500 
2 cnr/slde 
Pretreated IN KOH 
Catalyst:. 

None 

Test: 

Waxed cllpholder 
O.IN HCl, N2. R.T. 
Lin. Pot. Sweep 
10 mV/s, IR Comp. 



m 

Potential (mV vs SCE) 


«9ureAvn-6. Effect of Acidity Level : Fe^* 1„ O.IN HC1 . 
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2 + 

Figure A VII-7. Effect of Acidity Level: Fe in 0.5N HCl . 
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Figure A VII-8. Effect of Acidity Level: Fe^"^ in l.ON HCl . 
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Current (inA) 



f>otential (mV vs. SCE) 


2 + 

Figure A VI I -9. Effect of Acidity Level : Fe InE.ONHCl. 
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Oxidatioir-^ 
(50 irfi FeCl2) 


Substrate: 

FMI-C-1/8 
Lot 011882/1650^ 

2 cmVsIde 
Pretreated IM KOH 
Catalyst: 

None 

Test: 

Waxed cllpholder 
4.0N HC1» N,. ft.T. 
Lin. Pot. Sweep 
10. mV/s, iR Comp. 



Potential (mV vs. SCE) 


Figure A VII-IO. Fffect of Acidity Level ; Fe^" In 4.0N HC 1 




Substrate: 

. FMI-C-1/8 

Lot 011882/1650° 

2 c«|2/s1de 
' Pretreated IN KOH 

Catalyst: . 

12»fl Au/cnr 
Aq./MeOH 
Double Inin**l 
1 wM .PbCl2 

Test: 

Waxed clip holder 
4N HCl, N,. R.T. 
Lin. pot. sweep 
10 rov/sec, 1R comp. 





Figure A VII-11. 


Potential vs. DHE (mV) 

Acidity Level Effects: Electrochemical 

Performance in 50 mM CrCU in 4. ON HCl (aged) 




Cathodic Anodic 




Figure A VII-12. Acidity Level Effects: Electrochemical 

Performance in 50 mM CrCl^ in 2. ON HCl (aged). 
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Current 


.Substrate: 

FMI-C-l/8 _ 
Ldt §11882/1650° 

2 cir/9lde 
Fretreated IN KOH 

.Catalyst: « 

12 u9 Au/cm 
Aq./MeOH 
Double Imn.-I 
1 m PbCl2 

15 ‘Test: 

Waxed clip holder 
IN HCl, N«, R.T... 
Lin. pot. sweep 
10 mv/sec» 1R coi^ 




Figure A VII-13. 


Potential vs. OHE (mV) 

Acidity Level Effects: Electrochemical 

Performance In 50 mM CrCl^ in l.ON HCl (aged). 
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Cathodic Aoodic 






Potential vs. DHE (mV) 


Figure A VII-15. Acidity Level Effects: Electrochemical 

Performance in 50 mfi CrCl^ in O.IN HCl (aged). 


Cathodic Anodic 



APPENDIX .VIJJ«..-..!r£MPEEATURE DEPENDENCE (SUPPLEMENTAL DATA) 


Figure A VIII -1. Fe^Vpe^’^ Reaction at 25® C. in l.OM FeClj. 
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Cathodic Anodic 


Figure A VIII -d. Reaction at 4S°C. In l.OM FeCI 






Cathodic 


Figure A VIII-3. Fe^^Fe^'*’ Reaction at 55®C. In UOM FeCl 


Fe^^ Oxidatl 


Fe^'*’ Reduction 


Substrate: 

FMI-C-l/8 

Lot |051582/1700®C. 

2 cnfvside 
Treated 45* KOH 
Test: 

Waxed Cllpholder 
IN HCl. l.OM FeCU.N, 
Lin. Pot. Sweep ‘ 
1.8 fflV/sec, 1R Comp. 


Potential vs SCE (mV) 


3 










Cathodi c 


Flgufe A VIII-5. Fe’’ /Fe*'*’ Reaction at 25®C, in 1.5M FeCi 


Fe^’*’ Oxidatio 



Fe^'*’ Reduction 


Substrate: 

FMI-C-t/a 

Lot <051582/17OO®C. 

2 cinvside 
Treated 4SX KOH 
Test: 

Waxed clipholder 
IN HCl, 1.5M FeCl,.N, 
Lin. Pot. Sweep ^ ^ 
C.88 mV/sec, iR Comp. 


Potential vs SCL (mV) 






Current (mA) 


Figure A VIII-6. Fe^^Fe^'*’ Reaction at 45°C. in 1.5M toCl 


Fe^^ Oxidation 


y 




Fe Reduction 


Substrate: 

FMI-C-1/8 

Lot I051582/1700®C 
2 cmVside 
Treated 45% KOH 
Test: 

Maxed cllpholder 
IN HCl, 1.5M FeCU»N, 
Lin. Pot. Sweep ^ 
0.88 mV/sec, iR Comp. 


Potential vs SCE (mV) 







FMI-C-J/8 
Lot I031582/1700°C. 

2 cm^/side 
Treated 45* KOH 
Test: 

Waxed cllpholder 
IN HCl* 1.5M FeCl„N, 
Un. Pot. Sweep ^ ^ 
0.88 tnV/sec« iR Comp. 


* » I 

400 800 

Potential vs SCE (mV) 
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Cathodic I Anodic 







Current (roA) 


Figure A VIH-9. Fe3+/Fe2+ Reaction at 25^C 


re Oxidation 



, 3+ 

Fe Reduction 


Substrate: 

FMi-C-1/8 

Lot I051582/1700®C. 

2 crnVsIde 
Treated 45* KOH 
Test: 

Waxed cllpholder 
IN HCl. 2,0M FeCU.N, 
Lin. Pot. Sweep ^ ^ 
0.88 mV/sec» 1R Comp. 


Potential vs SCE (mV) 







Cathodic 


Oxidation 


u 

€ 

o 
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I 




Substrata : 

FMI-C-l/8 0 

Lot 1051582/1700 C. 

2 cro^/slde 
Treated 45X KOH 
Test: 

Waxed cllpholder 
IN HCn 2.0M FeCl3,N2 
Lin. Pot. Sweep 
0.88 mV/sec, 1R Comp. 

_j » - 






Fe'' 

Reduction 


Substrate: 

FMI-C-1/8 

Lot #051582/1700®C. 

2 cibVSide 
Treated 4$X KOH 
Test: 

Waxed cllpholder 
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Figure A VIII-13. Cr /Cc Reaction at 25®C. In I.OM CrCI 
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Figure A VIII-14. Cr-'VCr^* Reaction at 45°-C,-4fl l.OM CrCl^. 
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Figure A VIII-15. Cr^Vcr^'^'Reaction at 55®C. tn l.OM.CrCl 
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Figure A V (1 1-16. Cr’’ /Cr^’ Raaction at 6G°C. in l.OM CrCl 
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Figure A VIU-17. Cr' /Cr" Reaction at 25''C. In 1.5M CrCI 
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Figure A VIII-22. Cr^Vcr^''" Reaction at 45°C. in 2.0M CrClj, 
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Figure A VIII-23. Cr^’^/Cr^* Reaction at 55°C. in 2.0M CrCl^. 
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Figure A VI 1 1 -24. Cr^Vcr^"^ Reaction at 65°C. tiu2.0M CrClg. 
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